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PREFACE 


The  Federal  Aviation  Administration  (FAA)  wake-vortex  program 
has  designated  vortex  avoidance  considerations  to  the  Department 
of  Transportation's  (DOT)  Transportation  Systems  Center  (TSC)  and 
possible  vortex  alleviation  via  aircraft  modifications  to  the 
National  Aeronautics  and  Space  Administration  (NASA).  Until  1975 
these  two  efforts  were  conducted  essentially  independently.  TSC 
collected  data  on  wake-vortex  behavior  using  a  variety  of  sensors, 
and  NASA  studied  vortex  alleviation  techniques  by  meaijs  of  wind 
tunnels  and  flight  tests  measuring  the  effects  of  vortex  penetra¬ 
tion  by  following  aircraft.  In  December  1975  at  Rosamond  Dry 
Lake  in  California  the  ground-based  sensors  used  by  TSC  at  air¬ 
ports  to  measure  vortex  behavior  were  used  to  measure  the  allevia¬ 
tion  produced  by  the  NASA-developed  techniques  on  the  wake  vortices 
from  a  B-747  aircraft.  The  work  reported  here  is  the  next  series 
of  such  vortex  alleviation  flight  tests.  A  smaller  number  of 
ground-based  sensors  were  used  to  study  some  new  vortex  alleviatio^i 
schemes  both  in  and  out  of  ground  effect. 

I  would  like  to  thank  Russ  Barber  of  the  NASA  Dryden  Flight 
Research  Center  (DFRC)  for  his  role  in  planning  and  directing  the 
flight  tests.  Ivar  Tombach  and  John  Blair  from  AeroVironment 
(under  contract  to  TSC)  were  responsible  for  the  photographic  track¬ 
ing  of  vortices  and  for  the  recording  of  meteorological  data.  The 
TSC/FAA  Laser  Doppler  Velocimeter  (LDV)  van  was  operated  (under 
contract  to  TSC)  by  the  Lockheed  Missiles  and  Space  Corp.  personnel, 
Charles  Craven,  Oliver  Brandt,  and  Bert  Demon.  The  latter  also 
took  the  excellent  vortex  smoke  pictures  which  appear  in  this 
report.  I  would  like  to  thank  the  Marchand  Construction  Company 
of  Moses  Lake,  Washington,  for  furnishing  a  test  site  and  electric 
power  for  the  high-altitude  tests  at  Moses  Lake.  The  Port  of  Moses 
Lake  Authority  supplied  a  site  and  power  for  the  ground  effect  tests 
at  Moses  Lake.  The  tests  at  the  China  Lake  Naval  Weapons  Center  in 
California  were  coordinated  by  Dick  Truax  of  that  center.  Ian 
McWilliams  of  TSC  participated  extensively  in  collecting  the 


ground-based  sensor  data  and  in  the  early  data  processing.  Sandy 
Grace  and  Andrea  Talamas  of  Systems  Development  Corporation  (SDC) 
assisted  in  the  final  data  processing.  Alex  Sims  of  the  NASA  DFRC 
and  Joe  Lanza  of  SDC  helped  in  the  vortex- lattice  rolling  moment 
calculations.  Finally,  I  would  like  to  acknowledge  the  helpful 
discussions  with  Jim  Hallock  of  TSC,  Del  Croom  of  the  NASA  Langley 
Research  Center,  and  Joe  Tymczyszyn  of  the  FAA  Western  Region. 
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1.  SUMMARY 


In  1979,  a  series  of  B-747  flight  tests  were  carried  out  to 
examine  the  vortex  alleviation  produced  by  deploying  spoilers  dur¬ 
ing  landing.  The  alleviation  achieved  was  measured  by  two  methods: 
1)  penetrating  the  vortex  with  a  small  probe  aircraft  and  2) 
measuring  the  vortex  velocity  profile  with  a  ground-based  sensor. 

The  original  goal  of  the  tests  was  to  achieve  a  manned  landing  of 
a  small  aircraft  at  reduced  separation  (less  than  6  nautical  miles) 
behind  the  B-747;  the  alleviation  produced  by  the  spoilers  was 
judged  to  be  insufficient  to  assure  safety  in  such  an  operation. 

Although  the  original  goal  of  the  tests  was  not  achieved, 
significant  discoveries  were  made  which  would  serve  to  guide  the 
vortex  alleviation  program  in  the  future.  First,  two  promising 
new  concepts  for  alleviation  were  identified:  1)  Rolling  the 
aircraft  with  spoilers  deployed  was  found  to  enhance  the  allevia¬ 
tion  by  a  factor  of  two.  2)  The  persistence  of  the  spoiler- 
alleviated  vortices  was  traced  to  the  wing-tip  vortex  which  forms 
the  core  of  such  vortices;  destroying  the  wing-tip  vortex  should 
lead  to  much  improved  alleviation.  Second,  for  the  first  time  the 
ground-based- sensor  velocity  measurements  of  wake  vortices  were 
converted  to  a  form  where  they  could  be  directly  related  to  probe 
aircraft  measurements.  The  sensor  and  probe  results  were  in  reason¬ 
able  agreement.  This  agreement  indicated  that  special  care  is 
needed  when  relying  on  wind-tunnel  measurements  to  predict  allevia¬ 
tion  behavior;  the  wind-tunnel  results  show  both  qualitative  and 
quantitative  disagreements  with  flight- test  results.  Third,  the 
errors  associated  with  the  ground-based  sensors  used  to  measure 
vortex  strength  were  examined  in  detail  so  that  the  limitations  of 
the  measurements  are  now  well  documented  (Appendix  C) .  Fourth, 
the  best  way  of  using  ground-based  sensors  in  vortex  alleviation 
work  was  determined.  Such  sensors  would  play  an  important  role 
in  future  alleviation  testing  because  they  give  information  that 
would  be  either  more  costly  or  impossible  (because  of  safety 
considerations)  to  obtain  frojn  aircraft  probe  measurements. 


2.  INTRODUCTION 


The  wake-vortex  hazard  is  a  primary  factor  in  setting  the 
minimum  safe  separation  of  aircraft  in  the  airport  environment. 

At  the  busiest  airports  these  wake -vortex  mandated  separations 
contribute  to  the  large  delay  costs  incurred  by  the  airlines. 

Since  airport  expansion  is  not  a  practical  option  in  the  cur¬ 
rent  environment,  these  delay  costs  can  be  reduced  only  by 
increasing  the  capacity  of  presently  existing  runways.  Any  plan 
to  increase  capacity  by  closer  aircraft  spacing  must  therefore 
deal  with  the  wake-vortex  problem. 

During  the  past  decade,  the  Federal  Government  has  expended 
substantial  resources  in  seeking  a  solution  to  the  wake-vortex 
problem.  Two  fundamentally  different  approaches  have  been  studied: 
vortex  alleviation  and  vortex  avoidance.  Vortex  alleviation  re¬ 
duces  the  vortex  strength  at  its  source,  the  generating  aircraft. 
Vortex  avoidance  makes  use  of  the  very  conservative  nature  of  the 
current  wake-vortex  separations  which  must  provide  safe  spacing 
under  all  meteorological  conditions;  in  fact,  reduced  spacings 
would  be  safe  most  of  the  time.  The  variable  spacings  mandated 
by  a  vortex  avoidance  system  are  not  easily  accommodated  by  the 
present  air  traffic  control  system.  Difficulties  in  implementing 
a  simple  avoidance  system,  the  Vortex  Advisory  System,  led  to  a 
renewed  interest  in  vortex  alleviation. 

The  introduction  of  this  report  will  examine  the  current  con¬ 
cepts  and  requirements  of  vortex  alleviation  in  considerable  detail 
since  they  have  not  been  reported  elsewhere.  The  main  body  of  the 
report  will  concentrate  on  the  ground-based  sensor  measurements 
for  which  the  Transportation  Systems  Center  (TSC)  was  responsible. 

2.1  VORTEX  ALLEVIATION 

The  operational  goal  of  the  vortex  alleviation  program  is  to 
modify  the  configuration  of  the  generating  aircraft  in  such  a  way 
that  its  wake-vortex  hazard  will  no  longer  impose  safety  limits  on 
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the  separations  of  following  aircraft.  Such  a  resolution  of  the 
wake-vortex  problem  is  philosophically  appealing  since  the  producer 
of  the  hazard  takes  the  responsibility  for  alleviating  it  and, 
moreover,  the  system  would  be  available  at  any  airport.  A  funda¬ 
mental  question  which  must  be  faced  by  the  alleviation  program  is 
the  definition  of  how  much  alleviation  is  enough.  Wrestling  with 
this  question  has  been  a  persistent  part  of  the  work  reported  here. 

The  wake-vortex  alleviation  program  (Ref.  1),  implemented  at 
several  NASA  centers,  has  made  an  extensive  investigation  of  air¬ 
craft  modifications  which  might  be  expected  to  reduce  wake-vortex 
strength  and/or  accelerate  wake-vortex  decay.  In  addition  to  ef¬ 
fectively  alleviating  the  wake  vortices,  a  successful  alleviation 
technique  must  be  economical  to  install  and  not  produce  excessive 
aircraft  operational  penalties.  The  vortex  alleviation  technique 
examined  in  recent  flight  tests  makes  use  of  spoiler  deployment 
during  flight.  Spoiler  techniques  are  appealing  since  spoilers  are 
present  on  all  jet  transport  aircraft  and  can  be  tested  (and 
retrofitted)  without  adding  any  aerodynamic  components.  Some 
modification  of  the  spoiler  control  system  may  be  required,  how¬ 
ever,  to  establish  the  desired  alleviating  configuration. 

2.2  HISTORY  OF  JOINT  NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION/ 

DEPARTMENT  OF  TRANSPORTATION  (NASA/DOT)  EFFORT 

Until  1975,  the  NASA  vortex  alleviation  work  and  the  DOT 
vortex  avoidance  work  were  carried  out  essentially  independently. 

The  two  groups  used  different  measurement  techniques  for  flight 
tests  and,  as  one  might  expect,  the  results  were  incompatible. 

The  NASA  work  relied  primarily  on  high-altitude  wake  penetra¬ 
tions  by  a  probe  aircraft,  usually  the  NASA  T-37.  The  vortex- 
induced  response  of  the  probe  aircraft  is  used  to  determine  the 
strength  of  the  wake  as  a  function  of  aircraft  separation.  The 
wake  is  marked  with  smoke  so  that  the  pilot  of  the  probe  aircraft 
can  locate  and  maneuver  into  the  vortex  center.  This  experimental 
technique  has  the  virtue  of  giving  a  direct  indication  of  the 
vortex  hazard  to  the  specific  probe  aircraft;  however,  it  does  not 


give  a  good  indication  of  the  hazard  to  a  different- sized  aircraft. 
It  is  also  difficult  to  prove  that  the  vortex  has  actually  decayed 
by  means  of  probe  aircraft  penetrations,  since  a  vortex  which  has 
lost  its  smoke  marking  (but  not  necessarily  its  hazard)  is  hard  to 
locate  and  probe.  Because  of  the  safety  requirements  for  recovery 
from  a  vortex  encounter,  vortex  probing  must  be  carried  out  at 
high  altitudes,  where  the  vortex  decay  characteristics  may  be  quite 
different  from  those  near  the  ground  where  the  operational  hazard 
exists . 

The  DOT  studies  have  used  ground-based  sensors  which  have 
limited  range.  At  first,  instrumented  towers  were  used  to  measure 
the  velocity  profiles  of  aircraft  in  dedicated  flybys.  Later, 
remote  sensing  systems  were  developed  which  allowed  data  collection 
during  normal  airport  operations.  Since  no  aircraft  costs  are 
then  incurred,  large  statistical  data  bases  on  vortex  behavior 
near  the  ground  could  be  collected  at  reasonable  cost. 

The  results  of  the  NASA  and  DOT  tests  diverge  on  some  signifi¬ 
cant  points.  For  example,  the  NASA  tests  indicate  that  a  small 
aircraft  (like  the  T-37)  should  remain  more  than  19  km  (10  nautical 
miles)  behind  a  B-747  in  landing  configuration.  On  the  contrary, 

DOT  results  indicate  that  11  km  (6  nautical  miles)  is  a  safe 
separation.  Some  of  this  difference  may  be  due  to  differences 
in  the  criterion  for  safety,  but  most  of  it  is  probably  due  to 
the  differences  in  the  test  altitude  and  the  test  meteorological 
conditions . 

In  1975,  the  DOT  and  NASA  measurement  techniques  were  combined 
in  a  joint  project  to  study  various  configurations  of  the  Boeing 
747  (Ref.  2) .  The  ground-based  sensor  measurements  were  made  on 
Rosamond  Dry  Lake  which  is  part  of  Edwards  Air  Force  Base,  the  home 
of  the  NASA  Dryden  Flight  Research  Center  (DFRC) .  The  Rosamond 
Lake  tests  showed  that  it  is  difficult  to  correlate  data  between 
the  various  ground-based  sensors  because  of  differences  in  coverage. 
It  is  even  more  difficult  to  correlate  low-altitude  (<250  meters) 
sensor  data  with  high-altitude  vortex  encounter  data. 
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A  fundamental  problem  in  comparing  sensor  data  to  encounter 
data  is  that  different  quantities  are  being  measured.  A  model  for 
how  a  vortex  affects  a  probe  aircraft  is  required  to  convert  vortex- 
velocity  profiles  into  induced  moments  on  the  wing  of  an  aircraft. 
One  of  the  goals  set  for  this  report  was  to  make  this  transforma¬ 
tion  in  order  to  plot  sensor  and  encounter  data  on  graphs  with 
identical  coordinates. 

2.3  1979  B-747  FLIGHT  TESTS 

The  initial  impetus  for  the  1979  flight  tests  came  from  wind- 
tunnel  measurements  (Ref.  3)  identifying  two  B-747  spoiler  con¬ 
figurations  which  were  superior  to  the  spoiler  configurations 
flight-tested  in  1975.  The  wind-tunnel  data  indicated  that  more 
alleviation  could  be  achieved  with  a  smaller  drag  penalty. 

The  1979  test  design  was  influenced  by  major  improvements  which 
had  been  made  in  the  ground-based  Laser  Doppler  Velocimeter  (LDV) 
since  the  1975  tests.  A  new  mode  of  operation  was  developed  which 
allows  simultaneous  tracking  and  measurement  of  wake  vortices.  In 
addition,  the  data  can  be  partially  analyzed  on  site  as  soon  as  a 
test  sequence  has  been  completed. 

The  1979,  flight  test  program  was  organized  by  NASA  DFRC  and 
supported  by  DOT/TSC.  Meteorological  forecasting  and  measurements 
were  supplied  by  AeroVironment ,  Inc.  The  generating  aircraft  was 
leased  from  the  Boeing  Company. 

The  first  series  of  tests  were  carried  out  in  February  at  the 
Grant  County  Airport  in  Moses  Lake,  Washington.  Vortex  strength 
measurements  were  made  with  the  NASA  DFRC  T-37  probe  aircraft  and 
with  the  TSC/FAA  LDV.  The  T-37  encounters  indicated  that  the 
vortex- induced  rolling  moment  with  spoiler  alleviation  was  within 
the  control  capability  of  the  aircraft.  The  first  examination  of 
the  LDV  data  showed  relatively  small  alleviation.  The  LDV  results 
were  not  considered  definitive  because  of  a  systematic  error  whose 
magnitude  had  not  been  estimated  at  that  time.  Some  of  the  LDV 
data  were  also  of  short  duration. 


The  T-37  probe  results  at  Moses  Lake  were  promising  enough 
that  a  second  series  of  tests  was  planned  for  the  fall  of  1979  with 
the  goal  of  landing  the  T-37  behind  an  alleviated  B-747  at  less 
than  the  standard  separation  of  11  km  (6  nautical  miles).  This 
goal  was  approached  gradually  to  assure  safety  at  each  step  of  the 
operation.  First,  the  standard  higher  altitude  T-37  probes  were 
extended  down  to  200-meter  altitude  above  ground  level  (AGL)  at 
Edwards  Air  Force  Base  (AFB) .  Second,  probes  of  the  B-747  wake 
down  to  landing  were  carried  out  with  an  unmanned  F-86  drone  air¬ 
craft  at  the  China  Lake  Naval  Weapons  Center,  about  80  km  north  of 
Edwards  AFB.  Third,  manned  T-37  probes  down  to  landing  were  to 
take  place  back  at  Edwards  AFB. 

The  tests  produced  a  number  of  surprises  which  eventually  led 
to  significant  changes  in  the  test  plan.  The  first  surprise  was 
the  existence  of  "hard  spots"  in  the  alleviated  wake  where  the 
induced  roll  was  greater  than  the  roll  control  of  the  T-37.  The 
hard  spots  appeared  to  be  correlated  with  vortex  waviness,  which 
was  induced  by  very  light  turbulence  at  the  test  altitudes.  The 
vortices  had  remained  straight  during  the  Moses  Lake  tests.  These 
hard  spots  were  viewed  as  an  obstacle  to  achieving  the  goal  of  a 
manned  landing  at  reduced  separation.  The  F-86  flights  were  carried 
out,  nevertheless,  in  the  hope  that  more  rapid  vortex  decay  near 
the  ground  might  still  allow  safe  landings  in  spite  of  the  hard 
spots.  Unfortunately,  the  F-86  results  did  not  show  the  desired 
effect.  The  F-86  experienced  vortex- induced  rolls  as  large  as 
60°  at  30-meter  altitude  (AGL)  and  7  km  (4  nautical-mile)  spacing. 
The  F-86  subsequently  executed  7  landings  at  7  km  (4  nautical  miles) 
behind  the  alleviated  B-747,  but  the  ground-based  sensors  in¬ 
dicated  that  the  F-86  was  never  close  to  a  vortex  when  the  F-86 
got  near  the  runway. 

An  analysis  of  the  F-86  results  led  to  a  decision  to  cancel 
the  planned  manned  T-37  landings  behind  the  alleviated  B-747. 

Because  the  F-86  is  flown  remotely  using  a  television  camera 
mounted  in  the  nose,  it  undoubtedly  suffers  from  a  slower  response 
to  a  vortex  encounter  than  would  a  manned  T-37.  On  the  other 


hand,  the  F-86  has  a  50  percent  greater  roll  control  authority  than 
the  T-37.  Taking  these  differences  into  account,  those  responsible 
for  the  safety  of  the  tests  concluded  that  the  B-747  alleviation 
was  not  adequate  to  assure  safe  T-37  landings  at  reduced  separa¬ 
tions. 

Perhaps  the  biggest  surprise  of  the  tests  was  discovered  in¬ 
advertently.  Previously  tested  alleviating  configurations  showed 
a  loss  of  alleviation  during  aircraft  maneuvers.  During  an  examina¬ 
tion  of  the  effects  of  maneuvers  on  spoiler  alleviation,  the  allevia 
tion  was  found  to  be  dramatically  improved  when  the  aircraft  was 
rolled  periodically  with  a  3-second  period.  Both  the  spoilers 
and  ailerons  are  active  during  this  maneuver.  The  spoilers 
oscillate  above  their  static  deployment  angle  and  also  drop  to  zero 
angle,  thereby  eliminating  momentarily  the  alleviation  on  one 
wing.  The  T-37  pilots  described  the  wake  from  the  rolling  maneuver 
as  having  "no  rotary  motion."  The  measured  maximum  induced 
rolling  moment  was  about  half  the  T-37  roll  control  authority. 
3ecause  of  the  interest  generated  by  the  discovery  of  this  new 
configuration,  a  final  phase  of  testing  at  Edwards  AFB  was  devoted 
to  examining  its  characteristics.  Spoiler  deployment  was  found 
to  be  an  essential  part  of  the  configuration. 

The  rolling  maneuver  produces  very  unpleasant  accelerations 
in  the  passenger  compartment  and  is  therefore  totally  unacceptable 
as  an  operating  configuration.  However,  if  the  cause  of  the  en¬ 
hanced  alleviation  could  be  understood,  the  same  result  might  be 
attainable  by  means  of  an  acceptable  method. 

A  working  hypothesis  was  developed  which  explained  all  the 
observations  on  the  rolling  configuration.  The  deployment  of 
spoilers  on  the  B-747  was  observed  to  cause  a  transition  in  the 
dominant  vortex  core  around  which  the  wake  rolls  up.  In  normal 
landing  configuration,  the  vortex  emanating  from  the  outboard 
edge  of  the  outboard  flap  dominates  the  rollup.  When  spoilers 
are  deployed,  the  wing-tip  vortex  becomes  the  dominant  vortex. 

Only  a  small  spoiler  deployment  angle  (<15°)  is  needed  to  trigger 
this  transition.  The  rolling  alleviation  may  be  related  to 
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periodic  crossings  of  this  transition  so  that  the  tip  and  flap 
vortices  are  alternately  dominant.  Such  an  alternation  may 
trigger  a  vortex  instability.  If  this  mechanism  is  responsible 
for  the  enhanced  vortex  alleviation  of  the  rolling  configuration, 
the  same  result  might  be  achieved  by  spoiler  modulation  alone. 

The  observation  that  the  wing-tip  vortex  dominates  the  rollup 
of  spoiler  alleviated  vortices  may  explain  the  incomplete  success 
of  spoiler  alleviation.  The  spoilers  are  too  far  from  the  wingtip 
to  disrupt  the  vortex  core  originating  there.  The  spoiler- 
alleviated  vortices  are  observed  to  have  a  persistent  tight  core. 
If  the  wing- tip  vortex  could  be  disrupted  in  the  same  way  that  the 
spoilers  disrupt  the  flap  vortex,  the  alleviation  might  be 
markedly  improved. 

2.4  1980  L- 1011  FLIGHT  TESTS 

A  series  of  flight  tests  were  conducted  in  the  summer  of  1980 
with  a  Lockheed  L-1011  aircraft  to  evalute  some  of  the  alleviation 
concepts  developed  during  the  1979  B-747  flight  tests.  The  L-1011 
appeared  to  be  an  ideal  test  aircraft  because  of  its  flexible 
computerized  control  system.  However,  a  number  of  significant 
differences  from  the  B-747  made  it  impossible  to  duplicate  the 
B-747  results.  The  first  difference  is  that  the  spoiler  deflec¬ 
tion  angle  required  to  induce  the  transition  from  flap  vortex  to 
wing-tip  vortex  dominance  is  much  larger  for  the  L-1011.  The 
second  difference  is  the  way  in  which  the  spoiler  control  system 
operates.  If  the  spoilers  are  preset  at  a  specific  angle,  rolling 
the  aircraft  causes  the  angle  to  increase,  but  never  to  decrease. 
An  attempt  was  made  to  weaken  the  wing-tip  vortex  by  uprigping 
the  outboard  ailerons  and  increasing  the  airspeed.  It  was  not 
possible  to  unload  the  wingtip  enough  to  significantly  reduce  the 
tip  vortex  strength.  Mechanical  difficulties  on  the  aircraft 
produced  schedule  delays  which  made  it  impossible  to  collect 
ground-based  sensor  data  on  the  L-1011. 
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3.  TEST  DESCRIPTION 


The  first  series  of  tests,  in  February  1979,  were  conducted 
at  Grant  County  Airport  in  Moses  Lake,  Washington,  because  of  its 
proximity  to  the  Seattle  home  base  of  the  Boeing  747  aircraft  used 
for  the  tests.  The  later  tests  in  October  and  November  1979  were 
conducted  in  southern  California  because  the  greater  length  of  the 
tests  justified  bringing  the  generator  aircraft  to  the  home  bases 
of  the  probe  aircraft. 

3.1  AIRCRAFT  CONFIGURATION 

The  B-747  test  aircraft  was  fitted  with  8  Corvus-oil  smoke 
generators  located  as  shown  in  Figure  1.  These  smoke  generators 
marked  the  vortices  so  that  they  could  be  seen.  They  also  allowed 
some  details  of  the  wake  roll-up  process  to  be  understood. 

The  vortex  alleviation  configuration  was  obtained  by  deactivat¬ 
ing  the  normal  spoiler  controls  for  some  of  the  12  spoilers  on  the 
aircraft  (see  Figure  1) .  The  remaining  spoilers  were  then  de¬ 
flected  by  a  set  amount  to  produce  the  desired  alleviation.  The 
spoiler  configurations  which  have  been  flight  tested  are  listed 
in  Table  1.  Configurations  2  and  3  were  proposed  as  improvements 
on  configuration  1  on  the  basis  of  wind-tunnel  measurements  (Ref.  3). 
Both  were  tested  at  Moses  Lake  with  various  deflection  angles.  The 


TABLE  1.  B-747  SPOILER  CONFIGURATIONS 


Configuration 

Number 

Spoilers 

Deflected 

Flight  Tests 

1 

1,2,11,12 

December  1975  (Ref.  2) 

2 

2,4,9,11 

February  1979 

3 

2,3,4,9,10,11 

February  1979 

October  1979 

November  1979 
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OUTBOARD  FLAP 


FIGURE  1.  B- 747  SPOILERS,  FLAPS,  AND  SMOKERS 
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selection  of  which  spoilers  to  deploy  requires  mechanical  changes, 
so  that  only  one  configuration  could  be  tried  on  a  particular  test 
day.  The  Boeing  Company  prepared  a  report  (Ref.  4)  on  the  opera¬ 
tional  penalties  associated  with  the  spoiler  deployment  and  the 
actual  spoiler  angles  used  in  these  configurations.  Spoiler  con¬ 
figuration  3  was  judged  to  be  best  and  was  used  on  all  later 
tests . 

3.2  SENSOR  CAPABILITIES 

This  section  outlines  the  principles  of  operation  and 
capabilities  of  the  ground-based  wake-vortex  sensors  used  in 
the  tests. 

3.2.1  Laser  Doppler  Velocimeter 

3. 2. 1.1  Principles  of  Operation  -  The  use  of  the  LDV  to  measure 
wake  vortices  is  illustrated  in  Figure  2.  The  LDV  utilizes  a 
continuous  wave  (cw)  C02  laser  operating  in  the  far  infrared 
(10.6  pm  wavelength)  on  a  single  frequency.  Range  resolution 

is  achieved  by  focusing  the  beam  with  a  30  cm  diameter  telescope 
at  the  desired  point  in  space.  The  focal  spot  can  be  scanned  in 
range  by  changing  the  focus  of  the  telescope  and  in  angle  by  means 
of  a  scanner  using  two  large  motorized  mirrors.  Because  the 
typical  distance  to  a  vortex  is  100  m  or  greater,  the  LDV  beam 
is  relatively  narrow  and  the  length  of  the  focal  region  is  re¬ 
latively  long,  as  shown  in  Figure  2a.  The  resulting  range  resolu¬ 
tion  is  proportional  to  the  square  of  the  range  with  a  full  width 
at  half  response  of  if  =  10  m  at  f  =  100  m  focal  distance.  Although 
the  LDV  range  resolution  is  poor,  the  angular  resolution  is  very 
good  because  of  the  narrowness  of  the  focal  region. 

The  way  in  which  the  LDV  beam  probes  a  vortex  is  shown  in 
Figure  2b.  The  beam  is  so  narrow  that  it  can  be  represented  as  a 
line  through  the  vortex.  The  LDV  signal  is  generated  by  aerosol 
particles  within  the  beam  scattering  radiation  back  into  the 
transmitting  telescope.  This  scattered  radiation  has  its  frequency 
Doppler  shifted  by  the  component  of  the  aerosol  velocity  along  the 


1 ine -of -sight  (LOS)  of  the  beam.  The  scattered  radiation  is  mixed 
with  the  transmitted  radiation  at  the  detector  to  produce  a  Doppler 
signal  in  the  frequency  range  of  0  to  8  MHz.  Unfortunately,  this 
procedure  eliminates  all  information  about  the  sign  of  the  Doppler 
shift.  The  Doppler  signal  is  processed  by  a  spectrum  analyzer 
which  resolves  the  spectrum  into  100  kHz  bins  (  a  velocity  resolu¬ 
tion  of  0.53  m/sec).  Figure  2c  shows  what  the  spectrum  from  the 
vortex  in  Figure  2b  would  look  like.  The  low  frequency  peak  (V 
represents  the  LOS  velocity  at  the  focal  point  of  the  beam.  The 
high  frequency  peak  (V^)  comes  from  the  region  where  the  LDV  beam 
is  tangent  to  the  vortex  streamlines.  In  that  region  a  considerable 
length  of  the  beam  contributes  to  the  spectrum  at  the  same  velocity. 
Because  of  this  tangent  effect,  it  is  possible  to  measure  the 
vortex  tangential  velocity  in  spite  of  the  poor  range  resolution 
of  the  LDV.  The  data  processing  technique  uses  Vmax,  the  highest 
spectral  bin  above  an  intensity  threshold,  to  represent  the  vortex 
tangential  velocity. 


3. 2. 1.2  Scan  Mode  -  The  scan  mode  of  the  LDV  plays  a  major  role 
in  setting  the  capabilities  of  the  LDV  system  to  measure  the 
properties  of  wake  vortices.  The  1975  B-747  tests  (Ref.  2) 
made  use  of  two  scan  modes  (See  Figure  3a, b) : 

1.  Finger  Scan  (range  oscillates  rapidly,  elevation  angle 
oscillates  slowly;  used  to  track  vortices) 

2.  Arc  Scan  (range  fixed,  angle  oscillates;  used  to 
measure  velocity  profiles). 

The  analysis  of  the  1975  arc-scan  data  indicated  that  a  third  mode 
would  yield  both  velocity  profiles  and  vortex  location  (see 
Figure  3c) . 

3.  Stepped-Arc  Scan  (range  stepped  to  a  new  value  at  the 
end  of  each  angle  scan). 

The  stepped-arc  scan  mode  was  first  used  (Ref.  5)  with  8  ranges 
and  fixed  angle  limits.  Since  each  angle  scan  takes  1  second,  this 
mode  gave  a  vortex  measurement  approximately  every  8  seconds. 
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FIGURE  3.  LASER  DOPPLER  VE LOCI METER  SCAN  MODES 


The  data  in  this  report  were  collected  in  a  more  flexible 
stepped-arc  scan  mode  where  the  number  of  ranges  is  selectable  and 
the  angle  limits  are  varied  to  keep  the  vortices  in  view.  The 
operator  makes  use  of  a  real-time  display  of  the  vortex  velocity 
profiles  to  determine  when  the  scan  parameters  should  be  changed. 
Usually  three  to  five  ranges  are  used  with  an  angle  scan  of  60°. 

The  ranges  are  kept  in  sequence  from  the  highest  to  lowest 
since  the  display  is  keyed  to  start  a  new  scan  picture  or  "frame” 
when  the  range  increases.  If  a  vortex  drops  to  the  bottom  of  the 
display,  a  new  lower  range  is  added  and  perhaps  the  highest  range 
is  deleted  if  it  shows  little  vortex  signal.  The  real-time  dis¬ 
play  used  for  tracking  is  similar  to  that  shown  later  in  Section 

4.1.1  for  playback.  The  problems  encountered  in  the  real-time 
tracking  of  vortices  are  similar  to  those  discussed  there  in  con¬ 
nection  with  data  analysis. 

3.2.2  Ground  Wind  Vor.ex  Sensing  System 

Wake  vortices  below  about  60-meter  altitude  AGL  can  be 
detected  and  tracked  by  means  of  their  induced  winds  at  ground 
level.  The  Ground  Wind  Vortex  Sensing  System  (GWVSS),  illustrated 
in  Figure  4,  consists  of  an>  array  of  anemometers  laid  out  perpendi¬ 
cular  to  the  aircraft  flight  path.  The  anemometers  are  single¬ 
axis  propeller  anemometers  which  respond  linearly  to  the  component 
of  the  wind  perpendicular  to  the  flight  path.  The  two  counter¬ 
rotating  vortices  generate  deviations  from  the  ambient  crosswind 
of  opposite  sign.  The  peak  and  valley  in  the  ground  wind 
signature  give  an  accurate  measurement  of  the  lateral  positions 
of  the  two  vortices  (Ref.  6). 

The  GWVSS  used  in  the  alleviation  tests  was  simpler  than 
normally  used.  Eight  anemometers  were  recorded  on  an  eight-channel 
strip  chart  recorder  which  gave  a  real-time  indication  of  vortex 
positions  as  well  as  a  permanent  data  record. 
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SENSOR  OUTPUTS 


FIGURE  4.  SCHEMATIC  VIEW  OF  GWVSS  ANEMOMETER  ARRAY  AND  SIGNAL 
OUTPUTS 


3.2.3 


Photography 

Photography  of  smoke-marked  vortices  can  provide  information 
on  vortex  position  and  decay.  Vortex  tracking  is  accomplished  by 
taking  synchronized  photographs  (35  mm  color  slides)  every  3 
seconds  from  two  separate  camera  locations,  usually  one  beneath 
the  vortices  and  one  to  the  side.  A  calibrated  scale  located 
between  the  camera  and  the  vortices  is  included  in  each  picture 
so  that  the  positions  of  the  two  vortices  can  be  read  off  directly 
without  calibrating  the  picture  itself. 

3.3  SENSOR  UTILIZATION 

The  primary  ground-based  sensor  for  vortex  measurements  was 
the  scanning  Laser  Doppler  Velocimeter  (LDV'* .  The  1975  B-747  tests 
(Ref.  2)  showed  that  the  LDV  can  produce  superb  vortex  tangential 
velocity  profiles.  The  smoke  injected  into  the  vortices  is  an 
essential  requirement  for  such  measurements  since  it  produces  a 
large  scattered  signal  for  the  LDV.  The  velocity  profiles  at 
Moses  Lake  from  unsmoked  vortices  exhibited  signal  drop-outs  at 
the  vortex  core  because  there  were  not  enough  scattering  aerosols 
to  mark  the  tangential  velocity.  The  LDV  performs  more  satisfactor¬ 
ily  in  an  urban  environment  where  the  aerosol  content  is  high. 

This  problem  was  accentuated  by  an  unexplained  drop  in  the  LDV 
signal-to-noise  ratio  for  both  series  of  alleviation  tests,  com¬ 
pared  to  its  normal  operation  at  Chicago's  O'Hare  Airport. 

Although  the  LDV  was  known  to  produce  excellent  vortex  measure¬ 
ments  for  vortices  generated  well  above  the  ground,  it  was  not  cer¬ 
tain  how  well  it  would  perform  for  vortices  in  ground  effect  where 
the  ambient  crosswind  can  disturb  the  measurements  and  the  signals 
from  the  two  vortices  can  interfere.  The  measurements  at  Moses 
Lake  were  the  first  definitive  tests  of  the  stepped-arc  scan  mode 
for  vortices  in  ground  effect. 

In  addition  to  LDV  measurements,  photographic  tracking  of 
the  vortices  was  provided  for  two  purposes. 

1.  An  independent  absolute  measurement  of  the  vortex  range 
is  very  useful  in  interpreting  the  LDV  data  which  have  a 
rather  poor  range  accuracy. 
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2.  It  was  hoped  to  observe  some  vortex  core  bursts  via  the 
smoke  pictures  and  use  the  corresponding  LDV  velocity 
profiles  to  assess  the  nature  of  core  bursting  in  a 
quantitative  fashion.  A  definitive  measurement  of  how 
a  burst  affects  the  vortex-velocity  profile  has  so 
far  eluded  researchers. 

Because  of  range  difficulties  experienced  with  the  LDV  in 
ground-effect  measurements  at  Moses  Lake,  later  tests  included 
a  simple  GWVSS  consisting  of  8  single-axis  anemometers  spaced 
along  a  line  under  the  LDV  scan  plane.  The  GWVSS  data  assisted 
in  the  selection  of  LDV  ranges  for  real-time  tracking  and  also 
gave  additional  information  for  subsequent  data  processing. 

A  tethered  kitoon  (meteorological  baloon)  was  used  to  obtain 
profiles  of  the  following  meteorological  parameters: 

1.  Temperature 

2.  Relative  Humidity 

3.  Wind  Speed 

4.  Wind  Direction 

3.4  TEST  FLIGHTS 

This  report  addresses  only  the  low-altitude  test  flights 
where  ground-based  sensor  data  were  collected. 

3.4.1  Series  1:  Moses  Lake 

The  three  test  flights  at  Moses  Lake  are  listed  in  Table  2. 
The  B-747  flew  instrument  approaches  to  Runway  32R.  The  first 
two  flights  used  the  configuration  shown  in  Figure  5  where  the 
sensors  were  located  4600  m  from  the  runway  threshold.  For  the 
third  flight  the  sensors  were  moved  to  the  middle  marker  location 
1050  m  from  threshold,  as  shown  in  Figure  6. 

The  first  flight  (2/9/79)  used  spoiler  configuration  3 
(Table  1,  termed  2,3,4  for  simplicity).  The  weather  was  partly 
cloudy  with  snow  cover  melting  on  the  ground.  The  crosswind 


TABLE  2.  SERIES  1  FLIGHTS 


2/9/79 

Spoilers  2,3,4 

4600  m  From  Threshold 

Run 

Time  (PST) 

Spoiler  Angle  (deg) 

1 

1130 

0 

2 

1137 

15 

3 

1145 

30 

4 

1154 

0 

5 

1202 

7.5 

6 

1212 

15 

2/10/79 

Spoilers  2,4 

4600  m  From  Threshold 

Run 

Time  (PST) 

Spoiler  Angle  (deg) 

1 

952 

0 

2 

1000 

30 

3 

1006 

45 

4 

1013 

15 

5 

1028 

0 

2/12/79 

Spoilers  2,3,4 

1050  m  From  Threshold 

Run 

Time  (PST) 

Spoiler  Angle  (deg) 

1 

1325 

0 

2 

1344 

15 

3 

1355 

30 

4 

1407 

0 

S 

1430 

15 

6 

1445 

30 

7 

1450 

0 

1.40  +  .02 


1.40  +  .02 


C 


L 


1.40  +  .02 
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FIGURE  S.  MOSES  LAKE  TEST  CONFIGURATION  (2/9/79,  2/10/79) 


RUNWAY  32R 
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LATERAL  POSITION  (m) 


FIGURE  6.  MOSES  LAKE  TEST  CONFIGURATION  (2/12/79) 
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tended  to  blow  the  vortices  away  from  the  LDV  location.  After 
several  runs,  the  aircraft  was  requested  to  fly  somewhat  upwind 
of  the  runway  centerline  so  that  the  LDV  could  track  the  vortices 
longer.  The  test  aircraft  flew  the  normal  2.75°  runway  glideslope 
(nominal  altitude  of  220  m  at  the  test  site). 

The  second  flight  (2/10/79)  used  spoiler  configuration  2 
(Table  1,  termed  2,4).  The  sky  was  totally  overcast  and  there 
was  little  crosswind.  The  snow  cover  had  practically  disappeared 
by  this  time.  The  test  aircraft  was  requested  to  fly  100  m  above 
the  glideslope  so  that  the  vortices  could  be  observed  for  a  longer 
period  of  time. 

The  third  flight  (2/12/79)  used  spoilers  2,3,  and  4,  which 
appeared  to  give  greater  vortex  alleviation.  The  sky  was  overcast 
with  poor  visibility  and  there  was  a  crosswind  tending  to  blow  the 
vortices  toward  the  LDV  van  which  was  located  150  m  to  one  side  of 
the  extended  runway  centerline. 

3.4.2  Series  2:  Southern  California 

The  series  2  flights  are  listed  in  Table  3.  Spoiler  configu¬ 
ration  3  (Table  1,  termed  2,3,4)  was  used  throughout  this  series. 

3. 4. 2.1  China  Lake  Naval  Weapons  Center  -  The  China  Lake  flights 
all  used  spoilers  2,3,4  at  30°  deflection  which  was  the  best 
alleviating  configuration  tested  at  Moses  Lake.  A  remotely  piloted 
F-86  aircraft  was  used  to  probe  the  B-747  wake. 

On  11/2/79  the  B-747  flew  down  a  3°  glideslope  to  30  meters 
AGL  and  then  leveled  off  for  30  seconds.  The  F-86  aircraft  probed 
the  wake  at  7-km  separation.  In  order  to  limit  damage  in  the  case 
of  an  uncontrollable  encounter,  the  test  site  was  located  remote 
from  the  China  Lake  airfield.  The  only  ground-based  sensor  used 
was  the  meteorological  kitoon  which  was  raised  and  lowered  between 
each  run. 
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TABLE  3. 

SERIES  2 

FLIGHTS 

11/2/79 

China  Lake  Naval 

Weapons 

Center 

Run 

Time  (PST) 

3l 

Sunrise 

613 

1 

822 

1.41 

2 

837 

1.40 

3 

851 

1.41 

4 

906 

1.40 

5 

920 

1.40 

11/3/79 

China  Lake  Naval 

Weapons 

Center 

Run 

Time  (PST) 

ft 

Sunrise 

615 

1 

810 

1.48 

2 

821 

1.45 

3 

832 

1.41 

4 

844 

1.38 

5 

854 

1.41 

6 

905 

1.35 

7 

915 

1.46 

8 

925 

take  off,  no  smoke 

11/8/79 

Edwards  AFB 

Run 

Time  (PST) 

Spoiler  Angl 

Sunrise 

619 

1 

715 

1.42 

15 

2 

725 

1.39 

22.5 

3 

737 

1.  35 

30 

4 

749 

1.27 

30  (roll) 

5 

801 

1.43 

0  (roll) 

6 

813 

1.43 

15-30 

7 

826 

1.35 

30  (roll) 

8 

838 

1.35 

30  (roll) 

9 

845 

1.37 

0 
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On  11/3/79  the  F-86  followed  the  B-747  to  touchdown  on  Runway 
21.  The  LDV  and  GWVSS  sensors  were  deployed  as  shown  in  Figure  7. 
Because  of  a  misunderstanding,  the  meteorological  kitoon  was  used 
only  before  and  after  the  complete  flight  sequence  on  this  day. 
There  was  no  cloud  cover  and  the  wind  was  light  on  both  11/2  and 
11/3,  so  that  the  meteoroglogical  data  on  11/2  are  also  useful  for 
11/3. 

3. 4. 2. 2  Edwards  Air  Force  Base  (AFB)  -  On  11/8/79  data  were  col¬ 
lected  on  a  variety  of  configurations.  The  B-747  flew  approaches 
to  Runway  18  on  Rogers  Dry  Lake  at  Edwards  AFB.  The  sensor  layout 
is  shown  in  Figure  8.  Unfortunately,  the  wind  was  much  too  strong 
(9.5  m/s  at  Run  9  )to  give  good  sensor  results.  The  crosswind 
quickly  moved  the  vortices  out  of  the  sensor  volume  and  also  made 
the  LDV  data  hard  to  interpret.  Runs  4  and  7  (Table  3)  were  made 
in  a  configuration  which  showed  significantly  improved  alleviation 
compared  to  the  standard  spoiler  configuration,  according  to  T-37 
probes.  In  addition  to  deploying  the  spoilers,  strong  rapid  roll 
inputs  were  introduced  at  a  period  of  3  seconds  per  cycle.  Both 
the  spoilers  and  ailerons  were  active  in  producing  roll.  The 
control  inputs  were  large  enough  that  the  spoilers  dropped  to 
near  zero  angle.  Run  8  was  a  variation  on  this  configuration  where 
the  period  was  reduced  to  2  seconds  per  cycle.  Two  runs  were 
included  in  an  attempt  to  understand  the  reasons  for  the  roll- 
induced  alleviation.  Run  5  employed  only  ailerons  to  produce  roll 
with  no  spoiler  deployment,  while  Run  6  involved  modulating  the 
spoilers  between  15°  and  30°  with  no  roll  inputs.  Neither  produced 
the  same  improved  alleviation. 
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FIGURE  7.  CHINA  LAKE  TEST  CONFIGURATION  (11/3/79) 
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FIGURE  8.  EDWARDS  TEST  CONFIGURATION  (11/8/79) 


4.  DATA  ANALYSIS 


4.1  LASER  DOPPLER  VELOCIMETER 

The  analysis  of  the  LDV  data  is  complicated;  many  of  the 
details  have  been  relegated  to  Appendix  A.  This  section  will  sup¬ 
ply  enough  information  so  that  the  LDV  results  and  their  limita¬ 
tions  can  be  understood.  Only  sample  plots  are  included  here;  a 
complete  set  of  plots  for  all  runs  is  included  in  Appendix  E. 

The  LDV  data  are  processed  in  three  passes: 

1.  The  vortex  elevation  angles  are  identified  visually  and 
the  data  within  30  m  of  the  vortices  are  saved. 

2.  The  range  to  the  vortex  is  determined  and  a  vortex 
track  is  fitted  to  the  data. 

3.  The  fitted  vortex  range  is  used  to  calculate  vortex 
strength  and  to  generate  plots  of  vortex  velocity  and 
circulation  profiles. 

4.1.1  Vortex  Identification 

Figure  9  shows  the  display  used  to  identify  the  elevation 
angle  locations  of  the  vortices.  One  frame  (i.e.,  sequence  of 
range  scans)  is  shown  for  each  of  two  runs,  one  alleviated  and  one 
non-al leviated.  The  velocity  (Vmax)  profiles  versus  elevation 
angle  0  are  plotted  on  successive  hroizontal  lines  for  decreasing 
ranges.  Figure  10  shows  the  spatial  geometry  of  the  scan  patterns. 
For  historical  reasons  the  velocity  is  plotted  below  the  lines. 

The  range  in  meters  appears  at  the  left  side  of  each  line  (a 
negative  sign  indicates  a  reversed  angle  scan,  from  right  to 
left).  The  turn  around  delay  in  the  angle  scanner  causes  the 
vortex  locations  to  alternate  back  and  forth  from  scan  to  scan. 

The  vortex  positions  are  assigned  scan  by  scan  at  the  dip  in  the 
velocity  profile.  A  light  pen  is  used  to  identify  the  desired 
position.  The  left  side  of  Figure  9  shows  the  display  seen  by  the 
operator  and  the  right  side  shows  the  display  after  the  operator 
has  identified  the  vortices.  The  elevation  angle  0  (degrees)  is 


FIGURE  9.  PLAYBACK  CRT  DISPLAY:  (a)  NON -ALLEVIATED  (RUN  1,  2/10/79)  (b)  ALLEVIATED 
(RUN  2,  2/10/79).  THE  SELECTED  VORTEX  CENTERS  ARE  LISTED  ON  THE  RIGHT. 


VORTEX 

CENTER 


listed  at  the  right  edge  of  the  display.  Note  that  the  vortex 
angles  are  consistent  inspite  of  the  jitter  in  the  display.  After 
the  two  vortex  angles  are  assigned,  the  data  between  the  vortices 
and  30  m  to  either  side  are  stored  for  further  processing. 

4.1.2  Range  Determination 

The  range  determination  algorithm  is  described  in  Appendix  A. 

It  makes  use  of  signal  intensity  information  near  the  vortex  core 
(the  regions  marked  with  thickened  arc  segments  in  Figure  10)  to 
interpolate  between  the  LDV  scan  ranges  (f^  and  £2  in  Figure  10). 
Since  the  vortex  elevation  angle  has  already  been  determined,  a 
determination  of  the  range  completely "specif ies  the  vortex  loca¬ 
tion. 

The  derived  vortex  locations  are  plotted  in  two  forms:  polar 
(Figures  11  and  12a)  and  rectangular  (Figure  12b)  coordinates. 

The  points  (X,0)  are  the  LDV  data.  When  available  (Figure  11)  the 
photographic  tracking  data  are  plotted  as  connected  line  segments. 

The  LDV  angle  determination  is  excellent  when  the  vortex  cores  are 
well  defined.  The  range  determination,  however,  is  poor  and  exhibits 
considerable  jitter.  In  order  to  prevent  the  range  jitter  and  re¬ 
sulting  systematic  errors  from  affecting  the  circulation  measure¬ 
ments,  the  range  data  are  smoothed  by  visually  matching  the  vortex 
trajectories  with  a  sequence  of  the  line  segments.  Two  smoothing 
methods  are  used.  The  simplest  is  to  fit  the  range  directly  as  in 
Figure  12c.  The  solid  line  is  the  fitted  range.  This  technique 
is  ideal  for  high-altitude  (200  to  300  m)  flybys  with  little 
crosswind.  However,  the  range  to  the  two  vortices  will  become 
different  when  the  elevation  angle  becomes  low.  The  expected 
difference  does  not  necessarily  show  up  clearly  in  the  LDV  range 
data  but  can  be  roughly  accounted  for  in  the  fitting  process  (e.g., 
the  starboard  vortex  in  Figure  12c  is  assigned  a  longer  range  than 
the  port  vortex).  This  problem  is  eliminated  in  the  second  method 
where  the  Lateral  position  is  fitted  directly  in  Figure  12d.  The 
vortex  range  and  altitude  are  then  calculated  from  the  measured 
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HftNGt  <N>  TAPE  3  RUN  1  »:51 :3C 


TINE  (SEC)  X«PORT  0*STARBOARI> 

(a) 

RANGE  («>  TAPE  3  RUN  2  0»:S8:41 


(b) 

FIGURE  11.  POLAR  COORDINATE  VORTEX  TRAJECTORIES:  (a)  NON- 
ALLEVIATED  (RUN  1,  2/10/79) •  (b)  ALLEVIATED  (RUN  2,  2/10/79) 


elevation  angles.  This  method  has  difficulty  with  a  singularity 
when  the  vortex  is  directly  over  the  LDV  (lateral  position  *  0). 

The  singularity  shows  up  as  an  anomalous  calculated  altitude  in 
the  solid  line  altitude  plots  of  Figure  12d.  The  lateral  position 
fit  is  particularly  useful  when  the  vortices  are  at  low  elevation 
angles  and  are  moving  laterally  at  constant  speed.  It  was  de¬ 
veloped  for  the  low-altitude  runs  (see  Figure  13)  where  the  initial 
lateral  positions  can  be  accurately  assigned.  In  this  case  the 
singularity  is  never  encountered  because  the  vortex  is  not  observed 
above  the  van.  Figure  13  shows  the  vortex  trajectories  for  one 
low-altitude  run  which  is  unique  in  that  a  vortex  was  re-acquired 
after  it  passed  over  the  van. 

4.1.3  Strength  Determination 

Once  the  vortex  range  is  defined,  the  calculation  of  vortex 
strength  can  be  carried  out  with  little  difficulty.  In  each  frame, 
the  Vmax  velocity  profile  for  the  arc  scan  with  range  closest  to 
the  vortex  core  (f^  in  Figure  10)  is  used  to  obtain  the  tangential 
velocity  profile  v(r)  of  the  vortex.  The  vortex  radius  r  is  taken 
as  the  distance  along  an  arc  at  the  vortex  range  (see  Figure  10). 
The  measured  elevation  angles  0  are  smoothed  by  a  5-point  running 
average  to  eliminate  jitter  before  they  are  used  to  calculate  the 
vortex  radius.  The  resulting  vortex-velocity  profiles  are  plotted 
in  Figures  14  and  15.  The  sign  of  the  velocity  is  reversed  at  the 
assigned  vortex  core  location  to  restore  the  actual  velocity  pro¬ 
file.  The  plots  in  Figures  14  and  15  are  positioned  so  that  the 
velocity  profiles  correspond  to  the  actual  vertical- velocity  pro¬ 
file  of  the  wake,  i.e.,  with  the  downwash  between  the  vortices. 

The  occasional  spikes  in  the  velocity  profiles  are  caused  by  noise 
spikes  rising  above  the  data  acceptable  threshold  in  the  Vmax 
determination  (Figure  2c)  or  by  drop  outs  in  the  vortex  signal. 

The  vortex  circulation  is  defined  by  the  equation: 

r (r)  -  2nr  v(r) ,  (1) 

where  r  is  the  vortex  radius  and  v(r)  is  the  tangential  velocity 
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FIGURE  13.  VORTEX  TRAJECTORIES  FOR  RUN  5,  2/12/79:  (a)  POLAR 

COORDINATES,  (b)  RECTANGULAR  COC?J)INATES,  (c)  FITTED  TRAJECTORIES 
NOTE:  THE  TWO  X's  IN  THE  UPPER  RIGHT  CORNER  OF  THE  RANGE  PLOT  IN 
(a)  ARE  ACTUALLY  OFF-SCALE  ANGLE  POINTS. 


profile.  It  should  be  noted  that,  since  the  circulation  is  pro¬ 
portional  to  the  radius  r,  errors  in  vortex  range  produce  cor¬ 
responding  errors  in  circulation.  The  velocity  profiles  of  Figures 
14  and  15  can  be  converted  to  the  circulation  profiles  of  Figures 
16  and  17  by  means  of  this  equation.  Because  each  vortex  has  two 
sides,  there  are  actually  two  circulation  profiles  measured.  The 
side  toward  the  other  vortex  is  marked  by  an  X  at  the  end  and  the 
side  away  from  the  other  vortex  is  marked  by  an  0.  In  order  to 
make  the  two  circulation  profiles  agree  for  small  radii,  the 
velocity  offset  between  the  two  velocity  profiles  is  averaged  up 
to  radius  10  m  and  used  to  correct  the  velocity  profiles.  This 
correction  corresponds  to  the  vortex  transport  velocity  along 
the  line-of-sight  (LOS)  to  the  vortex.  The  LOS  velocity  adds  to 
one  side  of  the  vortex  and  subtracts  from  the  other.  Figure  18 
shows  the  LOS  velocities  for  the  runs  in  Figures  16  and  17.  For 
comparison,  the  radial  transport  velocities  of  the  line-segment 
fit  to  the  range  are  also  plotted.  The  LOS  velocities  appear  to 
be  more  erratic  for  these  data  than  for  the  1975  data  (Ref.  2)  and 
are  thus  less  useful  for  estimating  vortex  transport. 

Different  radial  coordinates  are  used  for  the  circulation 
profiles  in  Figures  16  and  17.  The  1975  B-747  (Ref.  2)  data  showed 
that  the  non-alleviated  circulation  profile  is  proportional  to  the 
logarithm  of  the  radius: 

r (r)  =  rc(l+ln(r/rc)).  (2) 

The  dashed  lines  in  Figure  16  correspond  to  the  1975  fitted 

? 

parameters:  r_  =  2.51  m  and  r  ■  253  m  /sec.  The  results  from 
these  tests  can  thus  be  readily  compared  with  those  in  1975.  The 
alleviated  circulation  profile  was  found  to  be  linear  in  radius  in 
the  1975  tests;  the  constant  of  proportionability  was  r(r)/r  *  47 
m/sec.  This  form  corresponds  to  a  constant  tangential  velocity 
of  7.5  m/sec.  This  curve  is  drawn  as  a  dashed  line  in.  Figure  17. 
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LOS  Velocity  (m/s)  L0S  Velocity  (m/s) 


The  vortex  strength  parameter  found  to  be  most  useful  in 
estimating  vortex  hazard  is  the  average  of  the  circulation  up  to 
a  radius  b/2: 


r*  (b/2)  =  (2/b) 


r(r)  dr. 


(3) 


o 


This  parameter  gives  a  first  approximation  to  the  maximum  rolling 
moment  induced  on  a  wing  of  span  b.  The  average  circulation  is 
evaluated  for  values  of  b/2  *  5,  10,  15,  and  20  m.  A  value  is  not 
accepted  unless  data  from  both  sides  of  the  vortex  are  available. 
Averaging  the  two  sides  together  cancels  some  systematic  errors, 
in  particular  the  effect  of  the  vortex  LOS  transport  velocity. 
Since  the  influence  of  the  other  vortex  is  significant  at  20  m 
radius  (see  Figures  14  and  15),  this  procedure  does  not  strictly 
measure  the  effect  of  a  single  vortex.  However,  the  analysis  is 
valid,  since  it  properly  estimates  the  effect  of  the  complete  wake 
flow  field  on  an  encountering  wing.  Figure  19  plots  the  average 
circulation  versus  vortex  age  for  one  alleviated  and  one  non- 
alleviated  run.  Such  plots  will  form  the  primary  means  for 
evaluating  the  effects  of  alleviation. 


4.1.4  Rolling  Moment  Determiniat ion 

Appendix  B  examines  the  approximations  involved  in  using 
average  strength  to  represent  maximum  induced  rolling  moment. 

The  conclusion  is  drawn  that  the  vortex- induced  rolling  moment 
coefficient  C^y  can  be  related  to  the  average  circulation  r'  by  a 
proportionality  constant  depending  upon  the  wing  shape,  wing¬ 
span,  and  airspeed.  This  analysis  allows  the  data  of  Figure  19 
to  be  replotted  in  the  form  of  Figure  20.  The  time  axis  is 
changed  to  aircraft  separation  by  means  of  the  airspeed.  Two 
aircraft  types  are  plotted:  the  T-37  (b/2=5.15  m) ,  used  to 
probe  the  wakes  and  a  DC-9  (b/2-14.2  m)  which  is  typical  of  the 
small  jet  transports. 
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Plots  of  C^y  versus  sepration  in  nautical  miles  allow  a  direct 
comparison  with  the  results  of  aircraft  probe  measurements.  One 
correction  is  made  in  the  CJtV  data  which  is  not  included  in  the 
average  circulation  plots.  The  tangential  velocities  are  de¬ 
creased  by  three  spectral  bins  (1.6  m/s)  which  was  found  to  be 
the  amount  that  Vmax  overestimates  the  tangential  velocity 
(Appendix  C) . 

4.1.5  Crosswind  Corrections 

The  data  analysis  to  this  point  makes  no  correction  for  the 
influence  of  crosswind  on  the  vortex  strength.  Normally,  this 
influence  is  cancelled  by  averaging  the  two  sides  of  the  vortex. 
This  cancellation  fails  for  crosswinds  strong  enough  to  drive  the 
vortex  velocity  below  the  velocity-detection  threshold  and  also 
when  the  other  vortex  blocks  the  LDV  view  of  one  side  of  the 
vortex.  In  order  to  deal  with  strong  crosswinds,  a  procedure 
was  developed  to  estimate  the  crosswind  for  a  run  and  then  to 
correct  the  velocity  profiles  by  the  crosswind  component.  The 
crosswind  estimate  uses  the  low  frequency  V  peak  in  the  LDV 
spectrum  (see  Figure  2c).  Only  those  portions  of  the  scan  free 
of  the  vortex  influence  are  selected  for  computing  the  crosswind. 
The  crosswind  data  points  are  averaged  for  different  altitude 
ranges  and  tin  average  value  corresponding  to  the  vortex  height 
is  selected  for  the  analysis.  Figure  21  shows  the  velocity  data 
before  and  after  crosswind  correction  for  the  run  with  the  largest 
crosswind;  the  corrected  values  agree  with  other  measurements 
(Figure  14).  When  the  crosswind  is  strong,  only  the  side  of  the 
vortex  to  which  the  crosswind  adds  is  suitable  for  strength 
calculations  since  the  other  side  is  lost  below  the  velocity 
detection  threshold. 

4.1.6  Limitations  of  LDV  Measurements 

The  extensive  development  of  the  LDV  has  produced  a  sensor 
with  remarkable  capabilities  for  tracking  and  measuring  aircraft 
wake  vortices.  The  sensor  does  have  well  defined  limitations. 
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FIGURE  21.  VELOCITY  PROFILES  FOR  RUN  9,  11/8/79:  (a)  NO  CROSS- 

WIND,  (b)  WITH  CROSSWIND  CORRECTION 
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however,  which  are  outlined  in  this  section.  These  limitations 
should  be  kept  in  mind  when  the  LDV  results  are  being  interpreted. 
The  following  limitations  will  be  discussed: 

a.  Range  errors, 

b.  Velocity  errors, 

c.  Residual  velocity, 

d.  Vortex  signature  identification, 

e.  Crosswind,  and 

f.  Elevation  angle  errors. 

Errors  in  the  estimation  of  the  range  to  the  vortex  produce  a 
proportional  error  in  the  calculated  vortex  strength.  Errors  as 
large  as  20  percent  may  be  introduced  by  this  effect.  Figure  22 
gives  some  indication  of  the  sorts  of  errors  which  can  occur.  The 
average  circulation  profiles  for  the  same  run  using  the  range  fit 
(Figure  12c)  and  the  lateral  position  fit  (Figure  1 2d)  are  com¬ 
pared.  The  results  agree  generally,  but  there  are  differences  in 
detail.  The  lateral-position- fit  data  are  distorted  by  range 
singularities  at  early  times  but  are  more  accurate  than  the  range- 
fit  data  for  later  times  where  the  elevation  angle  becomes  small. 
The  difference  in  the  duration  of  the  data  for  the  starboard 
vortex  is  a  consequence  of  difference  in  the  duration  of  the 
fitted  track  in  Figure  12. 

The  use  of  Vmax  to  represent  the  vortex  tangential  velocity 

leads  to  an  overestimate  of  vortex  strength.  The  size  of  this 

effect  is  estimated  in  Appendix  C  to  be  three  spectral  bins 

(1.6  m/sec.)  This  error  produces  an  overestimate  in  average 

2 

circulation  f  of  26,  52,  78,  and  104  m  /s  for  averaging  radii  of 
5,  10,  15,  and  20  m,  respectively.  None  of  the  average  circula¬ 
tion  data  in  this  report  include  this  correction.  The  induced 
rolling  moment  (C^y)  data,  however,  do  include  it.  The  accuracy 
of  this  correction  under  all  conditions  is  likely  to  be  no  better 
than  +_  one  spectral  bin  (+_  0.55  m/s  in  velocity). 
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The  LDV  vortex  data  show  the  presence  of  a  large  non-zero 

value  of  Vmax  even  when  there  is  no  apparent  vortex.  This  effect 

appears  to  be  caused  by  the  large  scattered  signals  from  the  smoke 

which  remains  even  after  the  vortex  has  decayed.  This  residual 

V  appears  to  have  a  value  of  about  3.3  m/sec  (see  Figures  14 

and  15).  The  effect  of  this  residue  is  to  obscure  the  vortex  when 

its  velocities  become  low.  If  the  vortex  velocity  is  less  than 

the  residual  velocity,  the  resulting  value  of  strength  will  be  an 

overestimate.  This  problem  will  set  an  absolute  lower  bound  on 

2 

the  average  circulation  (approximately  50,  100,  150,  and  200  m  /sec 
for  averaging  radii  5,  10,  15  and  20  m) .  One  must  become  suspicious 
of  LDV  strength  measurements  near  these  levels.  Unfortunately 
these  lower  bounds  are  exactly  the  hazard  thresholds  used  for 
modeling  the  decay  of  wake-vortex  hazard  for  different  size  air¬ 
craft  (Ref.  7).  Thus,  we  must  conclude  that  the  LDV,  as  presently 
configured,  is  not  sensitive  enough  to  measure  the  disappearance  of 
the  wake -vortex  hazard.  It  might  be  possible  to  use  an  increased 
spectral  data  acceptable  threshold  (see  Figure  2)  to  reduce  the 
value  of  the  residual  Vmax<  Preliminary  tests  of  an  LDV  velocity- 
translated  mode  also  indicate  a  reduction  in  this  problem. 

The  identification  of  the  vortex- velocity  signature  is 
affected  by  the  residual  Vmax.  The  computer  operator  has  no 
problem  identifying  the  center  of  a  strong  vortex.  However, 
when  it  becomes  weak,  it  is  difficult  to  decide  whether  a 
particular  dip  in  Vmax  is  the  center  of  a  vortex,  or  merely  a 
fluctuation.  Thus,  one  must  be  cautious  not  only  in  interpreting 
the  strength  of  a  vortex  near  the  limiting  level  but  also  in 
being  sure  that  the  vortex  actually  exists.  The  best  check  on 
vortex  existence  is  continuity  in  the  vortex  position. 

The  presence  of  an  ambient  wind  can  interfere  with  the  wake- 

vortex  measurements.  An  overestimate  of  vortex  strength  will 

result  if  the  ambient  wind  drives  one  side  of  the  vortex  below 

the  residual  velocity  threshold.  In  some  cases  the  ambient  wind 

also  appears  to  reduce  the  residual  vmax*  so  that  the  problem 

is  somewhat  mitigated.  If  the  crosswind  is  used  to  correct  V _ _ 

max 


one  side  of  the  vortex  can  be  used  alone  to  compute  vortex  strength; 
this  strength,  however,  becomes  dependent  on  errors  in  the  cross- 
wind  estimate. 

The  scanner  elevation-angle  calibration  was  in  error  by  as 
much  as  5°  for  some  of  the  tests,  particularly  those  at  Moses  Lake. 
These  errors  have  not  been  corrected  in  the  results.  When  the 
vortices  are  overhead  such  errors  have  little  consequence,  but 
they  can  produce  significant  errors  in  altitude  for  vortices  at 
low  elevation  angle  and  large  range  (e.g.,  in  the  2/9/79  data). 

4.2  GROUND  WIND  VORTEX  SENSING  SYSTEM 

The  ground  wind  sensor  lines  used  in  the  China  Lake  and 
Edwards  tests  were  laid  out  along  the  same  line  monitored  by  the 
LDV  (see  Figures  7  and  8).  The  LDV  was  located  500  feet  (152  m) 
from  the  runway  centerline  and  the  8  propeller  anemometers  were 
placed  at  distances  of  200,  300,  400,  450,  500,  550,  600,  and  700 
feet  (61,  91,  122,  137,  152,  166,  183,  and  213  m)  from  the  LDV. 

The  anemometers  were  mounted  at  a  height  of  about  3  feet  (0.9  m) 
on  fence  posts  at  China  Lake  and  about  4  feet  (1.2  m)  on  movable 
stanchions  at  Edwards  AFB. 

Figure  23  shows  sample  GWVSS  data  from  the  China  Lake  tests. 

The  vortices  show  up  as  high  and  low  peaks  in  the  crosswind  signal. 
These  peaks  (marked  with  arrows)  have  been  shown  (Ref.  6)  to  in¬ 
dicate  that  the  vortex  is  directly  above  the  particular  anemometer. 
Figure  23  is  of  particular  interest  because  the  vortices  from 
the  F-86  probe  aircraft  are  shown  in  addition  to  those  from  the 
B- 747  generator  aircraft.  The  vortex  peaks  indicated  in  Figure 
23  are  used  to  generate  the  GWVSS  vortex  lateral  position  points 
plotted  in  Figure  24.  LDV  lateral  position  fits  and  photographic 
data  are  also  plotted  for  comparison.  The  three  measurement 
techniques  give  consistent  descriptions  of  the  vortex  motion, 
namely  that  the  vortices  remain  together  for  about  20  seconds 
and  then  spread  apart  in  ground  effect,  as  one  would  expect  in 


FIGURE  23.  GWVSS  DATA  FOR  RUN  3,  11/3/79.  THE  VELOCITY  ZERO  POINTS  FOR  EACH  ANEMOMETER 
KRE  INDICATED  BY  THE  HASH  MARKS  AT  THE  LEFT. 


the  absence  of  a  crosswind.  However,  the  detailed  agreement 
between  sensors  is  not  particularly  good.  Plots  like  Figure  24 
are  shown  in  Appendix  F  for  all  the  China  Lake  and  Edwards  runs. 


The  China  Lake  lateral  position  plots  like  Figure  24  are 
useful  for  determining  the  position  of  the  F-86  relative  to  the 
B-747  vortices.  For  example,  in  Figure  24  the  F-86  vortex  loca¬ 
tions  show  that  the  F-86  was  very  close  to  the  runway  centerline 
and  at  least  100  m  from  the  B-747  vortices. 

4 . 3  PHOTOGRAPHY 

A  determination  of  the  vortex  location  from  two  simultaneous 
photographs  begins  with  an  identification  of  which  vortex  is  which 
on  both  pictures.  Each  vortex  position  is  assigned  to  a  point  on 
the  scale  included  in  the  pictures.  A  geometrical  conversion  then 
yields  the  vortex  spatial  location. 

The  photographic  tracking  of  vortices  was  much  more  successful 
for  the  high  altitude  (200  to  300  m  AGL)  flights  than  for  those  at 
low  altitudes  where  the  two  vortices  may  be  hard  to  distinguish  and 
may  remain  in  the  field  of  view  for  only  a  short  time.  The 
photographic  data  on  2/9/79  and  11/8/79  were  lost  because  of 
camera  malfunctions.  The  high  altitude  data  of  2/10/79  gave  tracks 
lasting  as  long  as  1  minute  even  though  the  sky  was  overcast. 

The  photographic  tracks  are  plotted  as  lines  in  Figure  11.  Un¬ 
fortunately,  no  vortex  bursts  could  be  distinguished  on  2/10/79 
because  of  the  overcast.  The  photographs  on  2/12/79  were  useless 
because  of  the  low  camera  angles  (Figure  5)  and  the  low  ceiling. 

The  tracks  on  11/8/79  are  of  short  duration  because  the  field 
of  view  of  the  vertically  pointing  centerline  camera  (24  mm  focal 
length)  was  small  and  the  vortices  moved  rapidly.  Figure  24  shows 
the  photographic  data  as  solid  points.  The  arrow  at  time  zero 
marks  the  centerline  of  the  aircraft.  In  general,  the  photographic 
tracking  data  are  not  always  consistent  with  the  other  sensors 
(Figure  lib)  or  with  itself.  In  Figure  24  the  aircraft  centerline 
and  the  vortex  centerline  appear  to  be  inconsistent. 
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The  results  of  the  photography  were  disappointing.  The 
combination  of  inexperienced  camera  operators,  unfavorable 
geometry  ( low  altitude)  for  the  later  flights,  and  poor  back¬ 
grounds  produced  little  of  value  from  this  potentially  valuable 
technique . 
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5.  RESULTS 


A  number  of  useful  results  have  come  from  the  ground-basad 
sensor  measurements.  The  LDV  data  on  vortex  strength  and  induced- 
rolling  moment  allowed  assessing  the  effectiveness  of  spoiler 
alleviation  of  wake  vortices  for  various  types  of  encountering 
aircraft.  The  LDV  results  agreed  well  with  probe  aircraft 
measurements  but  poorly  with  scale-model  wind-tunnel  measurements. 
Photographic  data  elucidated  the  mechanism  of  spoiler  alleviation. 
The  ground-based  sensors  gave  some  information  on  the  promising 
spoilers -plus -per iodic- roll  configuration. 

The  data  plots  for  all  the  runs  are  contained  in  a  series  of 
appendixes.  Appendix  E  contains  the  LDV  data.  Appendix  F  contains 
the  lateral  position  plots,  like  Figure  24,  for  the  runs  in  the 
second  series  of  tests.  Appendix  G  contains  all  the  temperature 
profile  data  and  some  wind  data  for  the  second  series  of  tests. 

5.1  VORTEX  STRENGTH 

The  first  series  of  tests,  particularly  the  high-altitude 
runs,  produced  the  most  useful  data  on  vortex  alleviation.  The 
second  series  concentrated  on  a  single  alleviated  configuration, 
spoilers  2,  3,  4  at  30°.  The  last  day  on  the  second  series  of 
tests,  a  variety  of  configurations  were  studied,  but  the  data 
were  of  poor  quality  because  of  high  winds. 

The  most  convenient  form  for  comparing  different  runs  is  the 
plots  of  average  circulation  versus  age.  Figure  25  shows  the  high 
altitude  non-alleviated  runs.  Figures  26  and  27  show  the  high 
altitude  alleviated  runs  for  2,  3,  4  and  2,  4  spoilers,  respective¬ 
ly.  For  comparison  purposes  it  is  undesirable  to  use  data  before 
10  seconds  for  non-alleviated  runs,  and  before  20  seconds  for 
alleviated  runs  because  of  the  time  required  for  the  completion 
of  the  vortex  roll-up  process. 
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FIGURE  26.  AVERAGE  CIRCULATION  VERSUS  AGE  FOR  SPOILERS  2,  3,  4  ON  2/9/79 


The  non -alleviated  runs  in  Figure  25  show  a  significant 
difference  for  the  two  days,  the  initial  vortex  strengths  being 
3/4  as  strong  on  2/9/79  as  on  2/10/79.  This  effect  may  be  partially 
due  to  errors  in  the  assigned  vortex  range,  but  at  least  some 
of  the  effect  is  real  since  the  vortex  velocities  are  actually 
higher  on  2/10/79  (see  Appendix  E) .  The  data  from  Figures  25  to 
27  at  20  and  60  seconds  elapsed  time  are  included  in  Tables  4  and 
5;  the  percent  alleviation  is  calculated  by  comparing  data  taken 
on  the  same  day  and  at  the  same  elapsed  time.  Figures  28  and 
29  show  the  non-alleviated  and  alleviated  runs,  respectively,  for 
the  ground  effect  runs  on  2/12/79.  The  20-second  alleviation, 
listed  in  Table  4,  appears  to  be  somewhat  greater  than  that  for 
the  high-altitude  runs.  The  non-alleviated  strengths  are  stronger, 
however,  than  on  2/9/79,  thus  leaving  some  question  as  to  the 
source  of  the  difference.  The  reader  should  note  that  the  percent 
alleviations  in  Tables  4  and  5  are  reduced  if  the  proper  correction 
for  Vmax  (Appendix  C)  is  applied;  the  corrected  values  are  en¬ 
closed  in  parentheses. 

The  variability  of  vortex  decay  is  illustrated  in  Figure  30 
which  shows  all  the  spoiler  runs  of  11/3/79  (Spoilers  2,  3,  4  at 
30°).  The  vortex  trajectories  are  also  shown  since  there  appears 
to  be  some  correlation  between  vortex  strength  and  height.  The 
variation  in  vortex  trajectories  is  due  to  the  Crow  instability 
which  causes  some  portions  of  the  vortex  to  be  low  (e.g.,  Runs  1 
and  4)  and  some  to  be  high  (e.g.,  Run  2).  The  vortex  5-m  average 
strength  shows  considerable  variation  also,  being  high  for  Runs  2 
and  3  and  lower  for  Runs  1  and  4.  The  decay  of  the  vortex  strength 
tends  to  affect  the  outer  portion  of  the  vortex  more  than  the 
core,  as  noted  before  (Ref.  2).  The  most  notable  feature  of 
the  velocity  profiles  (Figure  31  and  Appendix  E)  is  a  small  per¬ 
sistent  vortex  core.  The  vortex  duration  is  generally  less  for 
the  later  runs.  The  analysis  of  Appendix  G  shows  that  the  ground- 
based  inversion  broke  up  at  approximately  the  time  of  Run  4  or  5. 


TABLE  4.  ALLEVIATION  WITH  SPOILERS 


TABLE  5.  ALLEVIATION  WITH  SPOILERS 
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FIGURE  30.  LDV  TRAJECTORY  AND  STRENGTH  DATA  FOR  RUNS  1-7  ON  11/3/79 


FIGURE  30.  LDV  TRAJECTORY  AND  STRENGTH  DATA  FOR  RUNS  1-7  ON  11/3/79 
(CONTINUED) 


A  comparison  of  the  5-m  average  circulations  of  Figure  30  with 
Figures  26  and  29  shows  stronger,  more  persistent  vortices  for 
the  same  configuration  in  the  second  series  of  tests  compared 
to  the  first,  as  was  also  noted  in  the  T-37  probes. 

The  last  day  of  testing  (11/8/79)  was  not  particularly 
useful  for  evaluations  of  alleviation  because  of  the  large 
ambient  winds  (see  Appendix  G) .  The  data  are  contained  in 
Appendix  E. 

5.2  COMPARISONS  WITH  OTHER  MEASUREMENTS 

Data  on  vortex- induced  rolling  moments  are  available  from 
T-37  probes  and  from  wind  tunnel  measurements  (Ref.  3)  of  torques 
on  a  following  wing  model.  The  results  of  the  LDV  measurements 
are  compared  with  each  technique  in  the  following  sections. 

5.2.1  Probe  Aircraft 

The  analysis  of  the  T-37  aircraft  data  from  these  tests  has 
not  been  completed.  Figure  32  shows  a  preliminary  analysis  of  the 
2/9/79  data  (supplied  by  M.R.  Barber  of  the  National  Aeronautics 
and  Space  Administration/Dryden  Flight  Research  Center  [NASA/DFRC] ) . 
The  results  are  in  general  agreement  with  the  LDV  data  on  Figure 
33c.  The  LDV  data  show  slightly  lower  values  of  C^y.  Unfortunate¬ 
ly,  only  a  single  out-of-ground-effect  LDV  run  was  made  for  this 
configuration;  consequently,  the  consistency  of  the  LDV  measure¬ 
ment  cannot  be  directly  verified.  Some  indication  of  consistency 
is  available,  however,  from  the  ground-effect  data  for  this  con¬ 
figuration  (Figure  29)  which  show  good  agreement  (for  the  limited 
time  covered)  with  the  single  high-altitude  run  (Figure  26). 

The  source  of  the  small  disagreement  between  the  T-37  probe 
and  LDV  measurements  may  lie  in  the  data  processing  methods  for 
the  two  types  of  data.  The  T-37  probd  data  are  the  highest 
recorded  values  of  induced  rolling  moment.  Any  noise  in  the 
measurement  will  cause  a  high  reading.  The  1.6-m/s  LDV  correction 
(Section  4.1.6)  also  is  about  half  the  final  LDV  C£V  value.  If 
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this  correction  is  too  large  for  decayed  alleviated  vortices,  the 
LDV  values  could  be  raised  significantly. 

The  non-alleviated  data  points  in  Figure  32  are  taken  from 
earlier  tests.  They  show  vortices  lasting  significantly  longer 
than  shown  by  the  "high-altitude"  LDV  measurements.  The  difference 
is  probably  related  to  decay  caused  by  atmospheric  turbulence. 

The  turbulence  level  at  the  LDV  high  altitudes  (£250  m  AGL)  are 
probably  significantly  greater  than  those  where  the  T-37  probes 
were  done  (>600  m  AGL).  For  the  non-alleviated  vortices,  the 
magnitude  of  the  T-37  induced  rolling  moment  is  in  reasonable 
agreement  with  the  LDV  data  from  2/10/79  (Figure  25),  but  greater 
than  that  from  2/9/79  (Figure  33a). 

The  LDV  measurements  exhibit  qualitative  agreement  with  the 
results  of  the  aircraft  probe  measurements.  First  of  all,  the 
T-37  probes  showed  that  the  alleviated  vortices  (spoilers  2,  3, 

4  at  30°)  were  stronger  in  the  second  test  series  than  in  the 
first.  The  LDV  data  show  similar  results.  The  LDV  data  also 
indicate  that  spoilers  2,  3,  4  at  30°  produce  weaker  vortices 
than  spoilers  2 ,  4  at  45°,  as  was  determined  from  the  T-37  probes. 
The  nominal  alleviation  achieved  is  about  the  same,  however,  if 
the  LDV  data  are  normalized  to  the  strength  of  the  unalleviated 
vortices  on  a  particular  day  (see  Tables  4  and  5). 

The  ground-based  sensors  also  showed  qualitative  agreement 
with  the  F-86  probes.  The  F-86  probes  on  11/2/79  showed  a 
significant  decrease  in  smoke  marking  and  induced  roll  between 
Runs  3  and  4.  The  meteorological  data  (Appendix  G)  show  that  the 
ground-based  inversion  had  broken  up  by  this  time.  The  LDV  data 
on  11/3/79  show  a  corresponding  reduction  in  vortex  lifetime  at 
Run  4  or  5.  The  vortex  sensors  also  show  (Appendix  F)  that  the 
F-86  never  penetrated  a  vortex  at  the  sensor  line  during  its 
actual  landings.  This  result  is  consistent  with  the  absence 
of  any  vortex- induced  roll  on  the  final  approach  to  landing. 


5.2.2  Wind  Tunnel  Measurements 

Wind  tunnel  measurements  commonly  refer  to  vortex  age  in  terms 
of  the  number  of  spans  downstream.  Figure  34  shows  the  5-m  LDV 
data  of  Tables  4  and  5  converted  to  (with  the  1.6  ro/s  LDV 

correction)  as  a  function  of  spans  downstream  (airspeed  =  75 
m/sec).  The  data  for  spoilers  1,  2  is  taken  from  Reference  2. 
Figure  35  compares  the  25-span  LDV  flight  data  with  the  correspond¬ 
ing  wind  tunnel  data  at  7.8  spans  (Ref.  1).  The  LDV  data  re¬ 
produces  the  trends  in  the  wind  tunnel  measurements,  even  including 
the  rise  between  15°  and  30°  for  spoilers  2,  3,  4.  This  increase 
between  15°  and  30°  disappears  at  75  spans  (Figure  34)  where  30° 
spoilers  shows  a  substantial  improvement  over  15°. 

The  LDV  data  are  substantially  higher  and,  in  fact,  much 
closer  to  the  T-37  flight  data  than  the  wind  tunnel  results. 

Some  of  the  difference  may  be  due  to  the  lower  (1.2)  for  the 
wind  tunnel  tests.  Three  other  effects  are  also  likely  to  be 
responsible : 

1.  The  wind  tunnel  measurements  are  taken  as  average 
torques  on  a  small  model  (0.03  scale).  The  maximum 
average  torque  can  be  less  than  the  actual  maximum 
torque  because  of  vortex  meander. 

2.  The  model  rolling  moment  may  also  be  lower  than  the 
flight  value  because  the  lower  Reynolds  number  leads 
to  stall  at  lower  angle  of  attack  on  the  test  wing 
than  on  the  full-scale  wing  (Ref.  8), 

3.  The  lower  wind  tunnel  C£V  could  conceivably  be  caused 
by  incomplete  vortex  roll-up  for  the  alleviated 
configurations  where  the  LDV  data  do  not  settle 

down  until  25  spans.  Increased  distance  downstream 
in  the  wind  tunnel,  however,  generally  leads  to 
lower  values  of  C^v,  presumably  because  of  meander 
(Ref.  9). 
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Spoiler  Deflection  Angle  (deg) 

FIGURE  34.  EFFECT  OF  B-747  SPOILER  DEFLECTION  ANGLE  ON  MAXIMUM  C^y  : 
LDV  MEASUREMENTS  IN  FULL-SCALE  FLIGHT  TESTS. 


Spoiler  se 


Flight  spoiler  deflection,  deg 

FIGURE  35.  COMPARISON  OF  SPOILER  ALLEVIATION  ACCORDING  TO  LDV  FLIGHT  DATA  (SOLID  POINTS) 
(25  SPANS,  Cr  =  1.4)  AND  WIND  TUNNEL  DATA  (OPEN  POINTS)  (7.8  SPANS,  C,  =  1.2) 


Another  discrepancy  shows  up  in  a  comparison  of  the  C^y 
values  for  the  DC-9  and  the  T-37.  Contrary  to  the  LDV  data 
in  Figure  33,  the  wind  tunnel  results  (Ref.  9)  show  higher  values 
of  C^y  for  the  DC-9  size  following  model  than  for  the  T-37  size 
model.  Some  of  this  difference  may  be  due  to  the  differing  wing 
shape  for  the  large  model  (untapered  wing)  and  the  DC-9  with 
flaps.  Perhaps  the  rest  may  be  due  to  the  effects  mentioned 
above  which  tend  to  give  low  readings  for  the  small  model  wing. 

The  wind  tunnel  and  LDV  flight  measurements  do  agree  in  showing 
much  less  alleviation  for  a  large  aircraft  (DC-9)  than  for  a  small 
one  (T-37;  see  Figure  33). 

5.3  EFFECT  OF  SPOILERS  ON  VORTEX  ROLL-UP 

The  nature  of  the  spoiler-induced  alleviation  process  can  be 
understood  by  examining  the  photographs  in  Figures  36  and  37.  As 
was  well  established  in  previous  studies  of  the  non-alleviated 
wake,  the  vortex  emanating  from  the  outer  edge  of  the  outer  flap 
ultimately  forms  the  core  of  the  rolled-up  vortex  (0°  spoilers). 

For  the  alleviated  wake,  however,  the  effect  of  the  spoilers  is 
to  obliterate  the  flap  vortex.  The  wing-tip  vortex  is  then 
observed  to  form  the  core  of  the  rolled-up  vortex  (15°  spoilers). 
This  effect  explains  why  the  vortex  core  appears  to  be  well  de¬ 
fined  and  have  a  small  radius  for  alleviated  vortices  (Figure  31); 
the  core  is  the  wing-tip  vortex.  The  observed  lower  maximum 
velocity  for  alleviated  vortices  is  consistent  with  the  lower 
strength  of  the  wing-tip  vortex  compared  to  the  flap  vortex 
(discussed  in  Ref.  2).  The  alleviated  vortex  core  appears  to 
decay  surprisingly  slowly  in  view  of  the  large  amount  of  turbulence 
injected  by  the  spoilers.  It  appears  that  the  wing-tip  vortex 
remains  laminar  because  the  injected  turbulence  is  too  far  away 
to  disturb  it. 

The  transition  from  dominant-flap  to  dominant-tip  vortex  is 
a  remarkable  phenomenon  which  may  have  important  implications 
(Section  5.4)  for  vortex  alleviation.  The  transition  occurs 
between  7.5°  and  15°  for  spoilers  2,  3,  4  (Figure  33)  and  between 
0°  and  15°  for  spoilers  2,  4  (Figure  34). 


FIGURE  37.  EFFECT  OF  SPOILER  ANGLE  ON  SMOKE  MARKING  FOR  SPOILERS 
2,4  on  2/10/79 


5.4  PERIODIC  ROLLING  CONFIGURATION 


Perhaps  the  most  exciting  result  of  the  flight  tests  is  the 
discovery  of  a  way  of  substantially  improving  the  spoiler  allevia¬ 
tion,  namely  by  generating  periodic  roll  inputs.  Unfortunately, 
the  meteorological  conditions  on  11/8/79  did  not  allow  reliable 
sensor  results  on  this  configuration.  The  LDV  data  (shown  in 
Appendix  E)  do  not  contradict  the  promising  results  of  the  T-37 
probes,  but  the  vortices  could  not  be  studied  long  enough  to 
verify  rapid  decay.  The  loss  of  the  LDV  signals  could  be  due  to 
motion  out  of  the  measurement  region  just  as  well  as  due  to  rapid 
decay.  The  GWVSS  signals  (see  Figure  38)  from  this  configuration 
consistently  showed  some  peculiar  pulsations  at  late  times.  This 
effect  appears  to  be  related  to  the  strong  head  wind  (Appendix  G) 
which  moved  different  longitudinal  portions  of  the  vortex  past  the 
sensor  line.  The  motion  of  the  Crow  instability  loops  across  the 
GWVSS  baseline  was  evident  visually  on  later  runs,  particularly 
Run  9.  The  period  of  the  GWVSS  pulsations  is  about  45  seconds 
and  the  headwind  from  Table  7  of  Appendix  G  is  about  4  m/s.  The 
resulting  spatial  period  would  be  180  m  or  3  wingspans.  This 
period  is  rather  short  for  the  Crow  instability  (6.8  spans  is 
most  probable) ,  but  agrees  well  with  the  expected  wavelength 
(220  m)  of  the  3-second  period  roll  oscillations.  Thus,  some 
residual  effect  of  the  roll  maneuver  apparently  lasted  for  about 
100  seconds. 

The  motion  pictures  of  the  periodic  roll  configuration  showed 
an  alternation  in  the  dominant  vortex  between  the  tip  and  flap 
vortex,  as  one  might  expect,  since  the  spoiler  angle  dropped 
below  the  level  where  this  transition  takes  place  (Section  5.3). 

A  tentative  explanation  for  the  roll-induced  alleviation  is  that 
periodically  crossing  this  transition  excites  an  instability 
which  destroys  the  vortex.  If  this  explanation  is  correct,  the 
same  effect  could  be  produced  by  spoiler  modulation  alone.  The 
experimental  test  of  spoilers  alone  (Run  6;  15°  to  30°  spoilers) 
unfortunately  did  not  cross  the  transition  angle  which  lies 
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FIGURE  38.  GWVSS  DATA  FOR  RUN  4,  11/8/79 


between  7.5  and  15°.  If  modulating  the  spoilers  through  a  small 
deflection  angle  proves  to  be  successful,  it  offers  the  promise 
of  an  alleviation  technique  with  a  small  drag  penalty  and  possible 
application  to  other  aircraft  types  which  have  similar  flap  and 
spoiler  arrangements. 
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6.  RECOMMENDATIONS 


6.1  FUTURE  ALLEVIATION  STUDIES 

The  results  of  these  tests  have  pointed  to  two  promising 
areas  for  further  alleviation  work.  The  mechanism  leading  to  the 
success  of  the  spoilers-p lus -roll  configuration  should  be  deter¬ 
mined.  One  hopes  that  the  same  results  can  be  achieved  with  an 
operationally  acceptable  configuration.  Modulating  the  spoilers 
across  the  angle  where  the  dominant  vortex  switches  from  flap  to 
wingtip  may  yield  the  desired  results.  A  second  promising  approach 
is  based  on  the  observation  that  the  wing-tip  vortex  dominates  the 
rollup  and  persistence  of  spoiler-alleviated  vortices.  If  the 
wing-tip  vortex  could  be  eliminated  or  disrupted,  perhaps  the 
spoilers  could  then  take  care  of  the  flap  vortex.  A  wing-tip 
spoiler  is  probably  the  most  direct  way  of  testing  this  approach. 

6.2  ROLE  OF  GROUND-BASED  SENSORS  IN  ALLEVIATION  TESTS 

Ground-based  wake-vortex  sensors  will  play  an  imporant 
role  in  future  vortex  alleviation  flight  tests.  Sensors  have  a 
number  of  significant  advantages  over  aircraft  probes  and,  in 
fact,  play  a  necessary  role  in  the  low-altitude  probe  measurements: 

a.  Sensors  cannot  miss  a  vortex  within  their  scan  region. 
Aircraft  penetrations  into  a  diffuse  smoke-marked  wake 
are  always  open  to  the  criticism  that  the  aircraft 
missed  the  vortex.  This  criticism  is  particularly 
justified  for  testing  landings  behind  an  alleviated 
aircraft  where  the  probability  of  hitting  a  vortex  is 
small  (the  F-86  missed  in  all  seven  attempts).  In 

this  case,  sensors  are  needed  to  verify  that  an  aircraft 
indeed  passed  through  the  vortex. 

b.  Sensors  can  measure  near  the  ground  where  a  probe 
aircraft  cannot  fly  until  the  vortex  is  proven  to  be 


benign.  Thus,  ground-based  sensors  are  needed  to 
verify  that  an  alleviation  technique  works  near  the 
ground. 

c.  Sensors  can  estimate  the  vortex  hazard  for  all  aircraft 
types  and  all  separations  from  a  few  runs.  Measuring 
the  vortex- velocity  profile  as  a  function  of  vortex  age 
allows  the  hazard  for  each  run  to  be  calculated  for 
any  aircraft  at  any  separation.  Multiple  runs  are 
needed  to  verify  the  consistency  of  the  vortex  decay. 

6.3  OPTIMUM  USE  OF  GROUND-BASED  SENSORS  IN  FUTURE  TESTS 

These  tests  have  shown  that  the  best  LDV  data  are  produced 
when  the  aircraft  flies  overhead  at  about  250  m  AGL.  Such  measure¬ 
ments  are  particularly  good  for  documenting  the  nature  of  an 
alleviating  configuration  with  minimal  uncertainty.  The  LDV  should 
be  operated  in  the  translated  mode  in  future  alleviation  tests  so 
that  the  velocity  sign  can  be  unambiguously  determined.  This 
change  should  allow  weaker  vortices  to  be  detected  and  may  allow 
completely  automatic  data  processing. 

Although  the  use  of  the  LDV  for  vortices  in  ground  effect  is 
feasible,  the  results  have  enough  uncertainties  that  the  LDV  should 
not  be  used  to  determine  the  acceptability  of  an  alleviation  tech¬ 
nique  in  ground  effect.  LDV  ground- effect  measurements  are 
especially  unsuitable  for  screening  new  alleviation  configura¬ 
tions.  Such  screening  should  be  done  at  250-m  altitude  over 
the  LDV.  The  Monostatic  Acoustic  Vortex  Sensing  System  (MAVSS) 

(Ref.  2)  is  much  more  suited  for  ground-effect  measurements. 
Although  the  best  MAVSS  strength  measurements  require  vortex 
transport,  a  close- spaced  continuous  MAVSS  array  can  verify  the 
demise  of  a  vortex  even  if  it  is  stelled. 

The  GWVSS  is  ideally  suited  fcr  monitoring  the  vortex  posi¬ 
tion  during  low  altitude  probing.  A  sequence  of  arrays  can 
establish  the  vortex  position  as  well  as  that  of  the  probe 
aircraft . 


r *  if 


80 


6.4  SENSOR  TRAINING 


Appendix  C  contains  an  evaluation  of  LDV  and  MAVSS  errors 
based  on  a  comparison  of  LDV  and  MAVSS  data  for  the  same  B-747 
configuration.  It  would  be  more  desirable  to  make  simultaneous 
LDV  and  MAVSS  measurements  on  the  same  vortex.  Such  measurements 
could  reduce  the  uncertainties  in  the  accuracy  of  these  sensors. 

A  more  careful  examination  of  LDV  errors  for  weak  vortices  would 
also  be  helpful. 

6.5  COMPARISON  OF  ALLEVIATION  TESTS  WITH  OPERATIONAL  TESTS 

The  vortex  alleviation  flight  tests  have  been  conducted  under 
meteorological  conditions  much  different  from  those  where  the 
large  statistical  vortex  data  bases  have  been  collected.  The 
alleviation  test  conditions  were  selected  for  an  absolute  minimum 
of  turbulence.  The  statistical  data  collection  at  airports  has 
generally  involved  the  normal  work  day  when  very  low  turbulence 
levels  are  rare.  It  is  not  surprising  that  the  alleviation  tests 
generally  show  much  longer  vortex  lifetimes.  A  consistent  under¬ 
standing  of  the  wake-vortex  phenomenon  should  describe  both  types 
of  conditions.  A  basic  need  is  to  accumulate  some  vortex  statis¬ 
tics  under  the  calm  desert  conditions  used  for  alleviation  tests. 
One  appealing  way  of  collecting  such  data  would  be  to  locate  a 
ground-based  sensor  facility  at  the  Palmdale,  California,  airport. 
The  sensors  could  be  used  for  alleviation  tests  and  also  to  col¬ 
lect  data  under  both  calm  and  turbulent  conditions  on  the  wide- 
body  training  aircraft  using  Palmdale.  Some  useful  information 
on  the  differences  between  alleviation  and  operational  testing 
could  also  be  obtained  from  further  analysis  of  LDV  and  MAVSS  data 
already  collected. 

6.6  IMPLICATIONS  FOR  SCALE-MODEL  TESTING 

The  measurements  reported  here  show  qualitative  agreement 
with  scale-model  testing  at  short  distances  downstream.  However, 
the  short -distance  trends  do  not  necessarily  persist  downstream 
(Figure  34).  The  physical  phenomena  involved  at  the  two 


distances  can  be  quite  different.  The  short-distance  effects 
result  from  rearranging  the  vorticity  in  the  wake.  The  long¬ 
distance  effects  can  result  from  turbulent  diffusion  of  vorticity 
and  perhaps  also  from  slowly  triggered  instabilities.  A  reliable 
scale-model  evaluation  of  an  alleviation  technique  should  be 
done  at  downstream  distances  corresponding  to  the  desired  minimum 
separation.  If  such  distances  are  impractical,  the  scale-model 
testing  should  allow  at  least  some  time  for  decay  processes  to 
act  on  the  rolled-up  vortices. 
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APPENDIX  A 

LASER  DOPPLER  VELOCIMETER  (LDV)  SOFTWARE  DEVELOPMENT 


This  appendix  describes  the  LDV  software  development  effort 
and  includes  details  about  the  current  processing  algorithms  which 
were  not  covered  in  the  main  body  of  the  report  (Section  4.1). 

A. 1  HISTORY 

The  LDV  used  in  the  1975  B-747  tests  was  owned  by  the  Lockheed 
Missiles  and  Space  Company,  who  subsequently  constructed  a  similar 
system  for  the  U.S.  Department  of  Transportation/Transportation 
Systems  Center  (DOT/TSC) .  The  TSC  system  uses  a  different  data 
acquisition  computer  (PDP-11/05)  so  that  totally  new  data  collec¬ 
tion  software  was  required.  The  data  acquisition  system  was 
interfaced  to  a  Surface  Acoustic  Wave  (SAW)  spectrum  analyzer 
borrowed  from  the  NASA  Marshall  Space  Flight  Center.  The  ori¬ 
ginal  LDV  software  package  was  designed  for  LDV  operation  at 
Chicago's  O'Hare  Airport.  The  1979  B-747  alleviation  tests  pro¬ 
vided  the  incentive  for  substantial  improvements  in  the  data 
collection  and  processing  software. 

A. 2  DATA  COLLECTION 

The  current  LDV  data  collection  technique  is  based  on  informa¬ 
tion  learned  in  prior  tests  (Refs.  2  and  5).  The  1975  B-747  data 
were  sampled  at  a  500-Hz  rate  which  gave  excellent  velocity  pro¬ 
files,  but  with  considerable  redundancy  at  lower  altitudes.  The 
O'Hare  data  collection  software  has  a  maximum  rate  of  125  Hz  which 
yielded  a  rather  coarse  velocity  profile.  A  number  of  software 
changes  were  made  to  allow  a  250-Hz  data  rate  for  the  present 
tests . 

Table  6  compares  the  data  stored  for  the  O'Hare  software  and 
the  present  software.  The  O'Hare  software  stored  complete  time, 
scan  position  and  spectral  information  for  each  Doppler  spectrum. 
The  present  software  economizes  by  reducing  the  data  rate  for  the 
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less  important  parameters.  The  scan  position  and  the  vortex 
velocity  (V  )  are  generated  at  the  full  250-Hz  rate,  but  the 
stored  spectrum  and  real-time  display  are  generated  at  only  a 
125-Hz  rate.  The  time  is  recorded  only  once  per  1000-word  record. 
The  data  are  recorded  for  each  run  from  the  time  the  aircraft 
passes  until  the  vortices  can  no  longer  be  seen  in  the  real-time 
display. 

A. 3  DATA  PROCESSING 

The  data  processing  at  TSC  is  done  on  a  computer  system 
identical  to  that  used  in  the  LDV  van  for  data  collection.  The 
software  written  at  TSC  for  analyzing  the  Moses  Lake  data  could 
therefore  be  used  for  immediate  field  processing  of  the  data  col¬ 
lected  during  the  second  series  of  tests  in  California.  The 
computer  graphics  are  generated  on  a  refresh  graphics  display  which 
has  no  hard-copy  capability.  The  hard  copies  in  this  report  are 
made  from  instant  photographs  of  the  CRT.  Routine  data  recording 
makes  use  of  a  standard  instant  camera  with  rectangular  format 
(3-1/4  in.  x  4  in.).  Photographs  with  higher  resolution  and  less 
distortion  were  made  for  special  figures  with  a  long  focal  length 
lens  on  a  4  in.  x  5  in. camera. 

A. 3.1  Vortex  Tracking 

The  processing  software  developed  for  the  O'Hare  data  col¬ 
lection  required  that  the  operator  visually  assign  both  the  eleva¬ 
tion  angles  of  the  vortices  and  the  range  (to  the  nearest  scan 
range)  in  the  velocity-profile  display  (Figure  9).  This  method 
was  also  used  at  first  for  data  from  the  alleviation  tests,  but 
subsequently  was  replaced  by  the  present  method  which  gives  im¬ 
proved  range  resolution  and  frame-to-frame  position  averaging. 

The  small  number  of  alleviation  runs  allowed  a  more  comprehensive 
data  analysis  than  would  be  appropriate  for  a  large  data  base. 
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The  visual  estimation  of  the  vortex  range  poses  similar 
problems  both  in  real-time  tracking  (Section  3. 2. 1.2)  and  in  the 
O'Hare  type  data  processing.  Both  use  a  similar  display  (Figure 
9) .  The  only  difference  is  that  the  real-time  display  shows  every 
other  datum  point.  For  the  alleviation  tests,  in  particular,  it 
can  be  difficult  to  estimate  the  vortex  range  from  the  velocity 
profiles  (see  Figure  9)  because  the  large  signal  produced  by 
scattering  from  injected  smoke  tends  to  give  good  velocity  pro¬ 
files  at  many  LDV  focal  ranges.  For  non-alleviated  vortices  the 
width  of  the  velocity  dip  at  the  vortex  core  gives  the  best  clue 
to  range.  The  dip  becomes  very  narrow  and  sometimes  vanishes  when 
the  scan  range  equals  the  vortex  range.  For  alleviated  vortices, 
the  vortex  core  is  less  obvious  so  that  selecting  the  scan  con¬ 
taining  the  vortex  can  be  more  difficult. 

The  vortex  signatures  of  Figure  9  can  be  distorted  in  two 
ways  when  the  vortices  are  not  directly  above  the  LDV  van: 

1.  The  ambient  crosswind  has  a  line-of-sight  (LOS)  component 
which  adds  to  the  vortex  velocities.  If  the  LOS  velocity 
is  away  from  the  LDV  van,  as  in  Figure  39a,  the  outside 
edges  of  the  vortex  pair  are  enhanced  and  the  velocity 
between  the  vortices  is  suppressed.  Conversely,  if  the 
LOS  velocity  is  toward  the  van,  as  in  Figure  39b,  the 
inside  edges  of  the  vortices  are  enhanced  and  the  outside 
edges  are  suppressed. 

2.  When  the  vortices  are  at  a  low  elevation  angle,  the 
region  between  the  two  vortices  contains  a  mixture  of 
responses  from  both  vortices.  The  most  extreme  case  of 
this  problem  occurs  when  a  strong  crosswind  is  blowing 
low-altitude  vortices  away  from  the  van.  At  long  range 
the  signature  from  both  vortices  looks  like  that  from  a 
single  vortex  with  a  dip  in  the  center  and  two  strong 
sides  (like  Figure  39a  only  with  a  narrower  dip).  In 
this  case  one  side  of  the  apparent  single  vortex  is  from 
one  vortex  and  the  other  side  from  the  other.  The  proper 


FIGURE  39.  VORTEX  SIGNATURES:  (a)  WIND  AWAY  FROM  LDV  (RUN  9,  11/8/79),  (b)  WIND  TOWARD 
LDV  (RUN  4,  2/12/79) 
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identification  of  vortices  at  low  elevation  angles 
can  thus  be  tricky  and  requires  considerable  care  and 
experience. 


Since  the  visual  identification  of  the  vortex  locations  is  a 
very  tedious  process,  considerable  effort  was  expended  in  trying 
to  detect  the  vortex  centers  automatically.  The  data  were  cor¬ 
related  with  a  number  of  different  vortex-shaped  functions.  No 
correlator  gave  satisfactory  performance  because  of  the  variability 
of  the  vortex  signatures.  The  only  feasible  alternative  was  to 
use  a  human  operator  to  assign  the  vortex  centers.  This  procedure 
can  become  quite  arbitrary  when  the  vortices  have  decayed  to  a 
low  level.  The  operator  must  decide  whether  a  particular  dip  in 
the  data  is  a  vortex  or  merely  a  random  variation  in  ^nax» 

The  primary  reason  for  the  difficulty  in  automatically  locat¬ 
ing  vortex  centers  is  the  loss  of  sign  information  in  the  velocity 
profiles.  The  LDV  has  a  mode  where  the  sign  is  determined  (the 
so-called  translated  mode)  which  was  not  used  because  it  has  a 
substantially  degraded  signal -to-noise  ratio.  This  mode  has  been 
re-examined  recently  and  is  now  recommended  for  future  alleviation 
tests  where  the  large  scattered  signal  from  the  smoke  can  compen¬ 
sate  for  any  loss  in  signal-to-noise  ratio.  A  sign  determination 
would  allow  more  reliable  detection  of  weak  vortices  since  the 
reversal  of  sign  at  the  vortex  core  should  give  an  unambiguous 
indication  of  a  vortex. 

A. 3. 2  Range  Algorithm 

The  algorithm  used  to  determine  the  vortex  range  was  briefly 
described  in  Section  4.1.2.  A  complete  explanation  is  included 
here.  Figure  10  shows  the  geometry  of  one  scan  frame. 

The  intensity  of  the  signal  scattered  from  the  vortex  is  used 
to  determine  the  vortex  range  using  algorithms  similar  to  those 
developed  for  the  1975  B-747  data  (Ref.  2).  Three  intensity 
parameters  are  calculated  for  each  spectrum  by  summing  all  spectral 
intensities  above  three  limiting  velocities  of  3.2,  4.4,  and  6.0 
m/sec.  The  4.4-m/sec  limit  works  well  for  non-alleviated  vortices, 


while  3.2  ra/sec  is  better  for  alleviated  vortices  which  have  lower 
peak  velocities.  The  intensity  parameter  is  averaged  for  a  certain 
distance  dj  along  the  arc  on  either  side  of  the  vortex  center 
(thickened  in  Figure  10)  to  give  a  vortex  intensity  value  1^  for 
a  particular  scan  range  f^. 

As  discussed  in  the  previous  B-747  report  (Ref.  2),  the 
theoretical  range  response  of  the  LDV  has  the  form: 

I (R,f)  =  l/R2(l+K2(R'1-f"1)2)  (4) 

where  R  is  the  range  to  the  scatters,  f  is  the  LDV  scan  range,  and 
K  represents  the  range  resolution  of  the  LDV.  If  the  region  near 
the  vortex  core  produces  most  of  the  signal  intensity,  then  R  can 
be  interpreted  as  the  range  to  the  vortex.  Set  Y  *  1"*,  X  =  f  * , 
and  Z  =  R_1;  the  expression  in  Equation  4  reduces  to 

Y  =  Z‘2(l  +  K2(Z-X)2)  (5) 

which  is  simply  a  quadratic  function  of  X  (inverse  scan  range)  for 

_  I 

a  given  vortex  range  (Z  ).  The  minimum  in  Y,  which  occurs  when 
Z  =  X,  can  be  found  in  two  ways  from  the  measured  intensity  Y(X) 
for  each  scan  range.  If  K  is  allowed  to  vary,  a  fit  of  this 
quadratic  form  to  three  values  of  Y(X)  gives  both  the  vortex  range 
R  and  the  LDV  resolution  (K) .  One  can  also  assume  a  nominal  value 
for  the  LDV  resolution  parameter  K  and  fit  the  quadratic  to  two 
points.  Some  consistency  checks  are  placed  on  the  fits  such  as 
a  positive  minimum  value  for  Y  and  a  value  of  X  for  minimum  Y 
not  too  far  away  from  the  points  being  fitted. 

The  three-point  fits  for  data  on  non-alleviated  vortices 
gave  rough  agreement  with  the  nominal  value  of  K=2000  m.  The 
range  resolution  was  generally  poorer  (lower  values  of  K)  for 
alleviated  vortices,  presumably  because  the  lower  velocity 
threshold  on  the  intensity  parameter  gives  signal  contributions 
from  a  larger  volume  of  space.  In  any  case,  one  would  expect 
the  range  resolution  to  be  poorer  than  the  theoretical  vdlue  when 
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the  vortex  is  larger  than  the  resolution  distance  (e.g.,  at 
close  ranges).  The  requirement  of  a  consistent  three-point  range 
fit  can  significantly  reduce  the  number  of  range  data  points  under 
some  conditions.  Consequently,  a  two-point  fit  with  K  *  2000  m 
was  used  to  process  most  of  the  data. 

The  distance  dj  over  which  the  intensity  is  averaged  is  10  m 
for  the  range-versus-age  fit  program.  Such  a  fixed  number  can  cause 
problems,  however,  for  the  lateral -position-versus-age  fit.  The 
angular  difference  between  the  two  vortices  can  become  so  small  at 
low  elevation  angles  that  the  intensity  average  will  include 
both  vortices.  The  lateral-position  fit  program  therefore  uses 
dj  as  the  smaller  of  7  m  and  40%  of  the  arc  distance  between  the 
vortices . 

The  use  of  intensity  data  between  the  two  vortices  often 
gives  poor  separation  between  the  vortices  at  low  elevation  angles 
(e.g.,  see  Figure  13b).  The  data  between  the  two  vortices  comes 
from  both  vortices  and  tends  to  produce  a  range  midway  between 
the  two  vortices.  Under  such  conditions  a  more  reasonable  vortex 
spacing  is  often  produced  if  only  the  intensity  data  from  the 
outside  edges  are  used  (see  Figure  40).  Plots  using  only  outside 
edge  data  are  labeled  "outside." 
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FIGURE  40.  VORTEX  TRAJECTORIES  FOR  RUN  9  ON  11/8/79 
(a)  SUM  BOTH  SIDES,  (b)  SUM  OUTSIDES. 
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APPENDIX  B 

ROLLING  MOMENT  CALCULATIONS 

This  appendix  describes  the  use  of  vortex  lattice  theory 
(Ref.  10)  to  calculate  the  vortex-induced  rolling  moments  on  an 
aircraft  wing.  The  theory  assumes  no  flow  separation;  consequently 
the  rolling  moment  depends  only  upon  the  wing  planform.  The 
calculations  divided  each  wing  into  four  chordwise  panels  and 
eight  spanwise  panels.  Increasing  the  number  of  spanwise  panels 
to  sixteen  produced  only  a  small  change  in  the  results  (a  de¬ 
crease  of  2  to  4  percent  in  rolling  moment).  The  vortex  velocities 
are  entered  into  the  calculations  as  a  variable  angle  of  attack  a 
along  the  wing: 

ot  =  v(r)/V  (6) 

where  V  is  the  airspeed.  The  vortex  is  centered  on  the  aircraft 
axis  to  yield  the  maximum  induced  rolling  moment. 

The  goal  of  the  calculations  described  below  was  to  assess 
the  validity  of  using  the  average  circulation  P  (equation  3)  to 
estimate  the  maximum  rolling  moment  induced  on  a  wing.  The  first 
calculations  thus  used  the  most  extreme  variations  in  velocity  with 
the  same  value  of  P(b/2).  The  velocity  profiles  shown  in  Figure 
41b  were  used:  1)  inverse  radius  velocity  (ideal  line  vortex), 

2)  constant  velocity  (alleviated  vortex),  and  3)  linear  velocity 
(large  core  vortex).  The  results  of  these  calculations  are 
shown  in  Table  7  which  contains  the  vortex- induced  rolling  moment 
for  two  aircraft  types:  T-37  and  DC-9  at  an  airspeed  of  70  m/ s 
(136  knots).  Figure  41a, b  shows  the  T-37  planform  and  the  vortex 
velocity  profiles  for  P(b/2)  »  100  m2/s.  Figure  41c  shows  the 
ratio  of  force  to  velocity  which  is  taken  as  a  constant  in  the 
simple  derivation  of  P  as  an  estimate  of  rolling  moment  (Ref.  7). 
The  DC-9  was  evaluated  with  and  without  flaps  extended.  The  flaps 
reduced  C^y  by  12  percent.  Figure  42  shows  the  vortex- induced 
rolling  moment  coefficients  for  the  more  realistic  model  vortex- 
velocity  profile  of  Equation  13.  The  values  for  constant  and 


FIGURE  41.  T-37  ROLLING  MOMENT  CALCULATION:  (a)  WING  PLAN  FORM 

(b)  VORTEX  TANGENTIAL  VELOCITY,  (c)  RATIO  OF  FORCE  TO  VELOCITY. 
THE  CURVE  LABELS  INDICATE  THE  RADIAL  DEPENDENCE  OF  THE  VORTEX 
TANGENTIAL  VELOCITY. 


MODEL  VELOCITY 


FIGURE  42.  VORTEX- INDUCED  ROLLING  MOMENT  COEFFICIENT  VERSUS 
VORTEX  CORE  RADIUS  FOR  AVERAGE  CIRCULATION  -  100  njZ/s 


TABLE  7.  ROLLING  MOMENT  COEFFICIENTS  FOR  VORTICES 
AVERAGE  STRENGTH  OF  100  m2/s 


Wingspan 

r'1 

Velocity  Profile 

constant 

T-  37 

10.3 

.0746 

.0663 

DC- 9 

(no  flaps) 

28.4 

.0297 

.0245 

DC-9 

(flaps) 

28.4 

.0264 

.0216 

WITH 

r 

.0609 

.0114 

.0187 
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linear  velocities  are  also  shown  for  comparison.  The  model  value 
for  rc  *  0  corresponds  to  an  inverse-radius  velocity  profile.  The 
DC-9  values  are  with  flaps  extended. 

The  results  of  the  C^y  calculations  show  that  I”  can  be  used 
to  give  a  reliable  estimate  of  C^y  according  to  the  expression 

civ  •  Q(r'/r'ref  KVref/V)  (7) 

where  Q  is  a  constant  depending  upon  the  aircraft  planform  and 
wingspan  and  r’re£  and  Vre£  are  the  reference  average  circulation 
(100  m^/s)  and  referenced  airspeed  (70  m/s)  of  the  calculation, 
respectively.  The  value  of  Q  is  particularly  easy  to  select  for 
the  T-37  (Q  =  0.066)  since  in  Figure  42  the  same  value  of  C^y 
occurs  for  constant  velocity  (alleviated  vortex)  and  rc  =  2.5  m 
(non-alleviated  vortex) .  The  value  for  the  DC-9  was  taken  as 
Q  =  0.022,  the  value  for  rc  =  4m,  which  is  a  compromise  between 
alleviated  and  non-alleviated  vortices.  In  either  case  the  errors 
in  selecting  Q  are  less  than  the  experimental  errors  in  measuring 
the  average  circulation  F'. 

The  results  of  these  C51V  calculations  can  also  be  used  to 
evaluate  the  accuracy  of  the  method  used  to  relate  average  circula 
tion  to  vortex  hazard  (Ref.  7).  The  reference  velocity  profile  in 
that  method  is  linear  in  radius,  which  is  simply  related  to  a 
constant  roll  rate  for  the  aircraft.  The  calculations  here  show 
that  the  best  estimate  of  induced  rolling  moment  for  realistic 
vortices  is  somewhat  larger  than  that  given  by  a  linear  velocity 
profile  (+8  percent  for  the  T-37,  +18  percent  for  the  DC-9  with 
flaps) . 
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APPENDIX  C 

EVALUATION  OF  GROUND-BASED  SENSOR  MEASUREMENTS  OF  VORTEX- VELOCITY 

PROFILES 


The  two  wake-vortex  sensors  capable  of  making  strength 
measurements  have  never  been  calibrated  against  each  other  or 
against  a  standard.  The  instrumented  tower  measurements  of  wake- 
vortex  velocity  profiles  (Ref.  11),  which  might  have  served  as  a 
standard,  were  terminated  before  the  Laser  Doppler  Velocimeter 
(LDV)  and  the  Monostatic  Acoustic  Vortex  Sensing  System  (MAVSS) 
were  completely  developed.  This  Appendix  will  assess  the  errors 
associated  with  these  sensors  by  comparing  data  from  the  two 
sensors  for  similar  vortices,  by  studying  simulated  data,  and  by 
investigating  the  internal  consistency  of  the  data. 

C.l  1975  B- 747  VELOCITY  PROFILES 

Figure  43  compares  the  1975  LDV  velocity  profiles  for  B-747 
landing  configuration  vortices  with  and  without  spoiler  allevia¬ 
tion  at  age  25  seconds  (Ref.  2).  These  profiles  were  fitted  to 
the  following  circulation  profiles: 

Unalleviated:  r(r)  =  Tc(l  +  ln(r/rc)  (8) 

Alleviated:  T(r)  =  Tcr/rc  (9) 

where  rc  is  the  core  radius  and  Tc  is  the  strength  at  the  core 
radius.  Both  of  these  forms  can  be  fitted  with  a  solid  rotation 
core  to  give  a  realistic  linear  dependence  of  velocity  upon  radius 
r  for  small  values  of  r.  The  velocity  profiles  are  related  to 
circulation  profiles  by  v(r)  *  r(r)/2nr  (Eq.  1): 

Unalleviated:  v(r)  =  vc(l  +  ln(r/rc))  rc/r  (10) 

Alleviated:  v(r)  =  vc  (11) 

where  we  have  defined  vc  =  rc/27rrc,  which  is  the  maximum  velocity 
occurring  at  the  core  radius  rc . 
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The  parameters  of  the  fit  to  the  data  in  Figure  43  are: 

2 

Non-alleviated :  r  =  253  m  /s,  r  =  2.51  m,  v_  =  16.0  m/s 

L  L 

Alleviated:  Tc  =  45  m2/s,  rc  =  1.0  m,  vc  =  7.2  m/s. 

The  1975  B-747  MAVSS  data  (Ref.  2)  were  fitted  to  the  forms: 

r(r)  =  2  rc/(l  +  (r/rc)2)  (12) 

v(r)  =  2  vc/r(l  +  (r/rc)2)  (13) 

Suitable  values  of  the  parameters  for  non-decayed,  non-alleviated 

2 

B-747  landing  vortices  are  r  =  20  m  /s,  rc  =  2.5  m  and  v  =  12.7 
m/s.  In  this  model  for  the  vortex  velocity  profile,  the  total 
circulation  is  simply  2Tc.  The  actual  fitted  values  of  rc  for 
the  MAVSS  data  (see  Section  C.3.2)  are  larger  than  2.5  m  because 
of  the  limited  spatial  resolution  of  the  MAVSS.  The  value  2.5  m 
is  selected  to  agree  with  the  LDV  measurements  which  have  very 
high  resolution  in  vortex  radius. 

The  fitted  velocity  profiles  for  the  LDV  and  MAVSS  data  are 
shown  in  Figure  44  for  young  non-alleviated  B-747  landing  vortices 
The  differences  for  radii  beyond  2  m  represent  a  constant  velocity 
offset  of  3.5  m/s.  The  method  of  processing  the  LDV  data  takes 
the  highest  spectral  point  above  threshold  as  the  vortex  velocity; 
thus,  one  would  expect  the  LDV  to  read  high  because  of  turbulence 
and  spectral  broadening.  On  the  other  hand,  the  MAVSS  tends  to 
read  low  velocities  near  the  vortex  core  because  of  spatial  averag 
ing,  and  low  velocities  everywhere  in  the  presence  of  noise  or 
spurious  signals.  The  goal  of  the  rest  of  this  section  is  to 
discover  how  much  of  the  observed  3.5  m/ s  difference  should  be 
ascribed  to  the  LDV,  how  much  to  the  MAVSS,  and  how  much  to  the 
differences  in  vortex  altitude  for  the  two  sensors  (200  m  and 
30  m,  respectively).  The  dashed  curve  in  Figure  44  shows  the  re¬ 
sults  of  a  uniform  reduction  in  LDV  velocity  by  20  percent,  which 
is  an  alternative  method  of  bringing  the  LDV  and  MAVSS  data  into 
closer  agreement. 
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FIGURE  43.  EFFECT  OF  SPOILER  DEPLOYMENT  ON  THE  WAKE  VORTEX-VELOCITY  PROFILE 
WITHOUT  SPOILERS,  RUN  II  WITH  SPOILERS  1,  2  AT  45°) 


TANGENTIAL  VELOCITY  (m/S) 


20, 


0  2  46  8  10  12 


VORTEX  RADIUS  (in) 


FIGURE  44.  COMPARISON  OF  1975  B-747  VELOCITY  PROFILES 
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C. 2  LASER  DOPPLER  VELOCIMETER 


C.2.1  LDV  Simulation 

The  LDV  simulation  presented  here  makes  the  following 
assumptions : 

1.  The  aerosol  scattering  cross  section  is  uniform  through¬ 
out  the  vortex. 

2.  The  range  response  of  the  LDV  is  given  by  Equation  4  with 
K=2000  m. 

3.  The  vortex  velocity  profile  is  given  by  Equation  13 

2 

with  Tc  =  250  m  /s  and  rc  =  2.5,  which  gives  reasonable 
agreement  with  the  LDV  curve  of  Figure  44. 

4.  The  vortex  pair  is  created  directly  above  the  LDV  at 
a  range  of  250  m. 

5.  The  vortex  separation  is  49  m. 

6.  The  vortex  pair  descends  at  its  naturally  induced  descent 
rate  and  translates  laterally  with  the  ambient  crosswind. 

7.  A  minimum  spectral  detection  threshold  and  a  minimum 
velocity  threshold  are  assigned. 

The  simulation  scans  through  the  stepped-arc- scan  patterns  for 
the  LDV  focus  and  the  spectrum  is  calculated  for  each  point  by 
summing  the  intensities  from  points  along  the  beam  into  the 
appropriate  velocity  bins. 

Originally  the  simulation  was  used  to  study  ways  of  determin¬ 
ing  the  vortex  range.  In  the  present  case  the  purpose  of  the 
simulation  is  to  examine  how  well  V_„„,  the  last  point  in  the 
spectrum,  agrees  with  Vp^,  the  highest  intensity  point  in  the 
spectrum  (see  Figure  2c).  In  order  to  eliminate  the  large  in¬ 
tensity  peaks  which  can  occur  at  low  velocities  levels,  a  re¬ 
latively  high  value  of  velocity  threshold  (5  m/s)  was  used.  The 
results  are  shown  in  Figure  45.  Three  arc  scans  are  shown:  one 
passing  through  the  vortex  core  and  the  other  two  50  m  above  and 
below  the  core.  The  left  plots  show  both  Vmax  and  V*  Of  course, 
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VORTEX  CENTER 


FIGURE  45.  RESULTS  OF  THE  LDV  SIMULATION.  THE  DATA  ARE  PLOTTED  SEQUENTIALLY  FOR  EACH 
SPECTRUM  WITH  THE  VORTEX  CENTERS  LINED  UP  FOR  EACH  ARC  SCAN. 


by  definition,  Vmax  is  always  greater  than  or  equal  to  Vp^.  The 
simulation  shows  that  Vmax  and  agree  to  within  one  velocity 
bin  (0.55  m/s)  unless  Vp^  is  dominated  by  the  intensity  at  the 
velocity  threshold  of  5  m/s.  The  right  plots  show  the  peak  in¬ 
tensity.  On  this  scale  +10  db  corresponds  to  the  total  intensity 
of  the  scattered  radiation  and  -13  db  corresponds  to  the  detection 
threshold  used.  The  peak  intensities  are  seen  to  decrease 
gradually  toward  the  center  of  the  vortex  as  the  scattered  in¬ 
tensity  is  spread  into  more  velocity  bins.  The  effect  of  de- 
focusing  the  LDV  beam  from  the  vortex  range  is  shown  in  the  top 
and  bottom  plots.  The  peak  intensity  is  reduced  and  there  are 
more  signal  drop-outs  near  the  center  of  the  vortex.  The  important 
result  of  this  simulation  is  that  Vp^  and  Vmax  give  similar 
estimates  of  vortex  tangential  velocity. 


C. 2.2  LDV  Data 

Figure  46  shows  the  same  information  as  Figure  45  for  an 
actual  run.  The  most  notable  difference  from  the  simulated  data 
is  that  Vpk  is  consistently  lower  than  Vmax  by  about  3  velocity 
bins  (1.6  m/s).  Since  the  simulation  showed  no  consistent  offset, 
this  difference  must  represent  the  intrinsic  width  of  the  velocity 
peak  due  to  turbulence,  filter  bandwidth,  and  other  effects. 

Similar  deviations  were  found  for  alleviated  vortices  and  aged 
vortices.  Thus,  the  overestimation  of  vortex  tangential  velocities 
by  Vmax  can  be  assigned  the  value  1.6  m/s. 

C. 3  THE  MONOSTATIC  ACOUSTIC  VORTEX  SENSING  SYSTEM 


C.3.1  MAVSS  Simulation 

The  simulation  model  used  for  the  MAVSS  makes  use  of  the 
following  assumptions. 

1.  The  acoustic  scattering  cross  section  is  uniform 
throughout  the  vortex. 
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FIGURE  46.  LDV  DATA  FROM  RUN  1  ON  2/10/79.  VORTEX  RANGES  ARE  ABOUT  250  M 


2.  The  response  of  the  MAVSS  is  uniform  within  a  region 
AX  in  width,  AY  in  height,  and  is  zero  outside  this 
region. 

3.  The  response  of  the  MAVSS  is  uniform  for  vertical 
velocity  components  between  -w  and  wm  and  is  zero 
outside  this  range. 

The  geometry  of  the  model  is  shown  in  Figure  47.  The  vertical 
component  w  of  the  vortex  velocity  v(r)  is  evaluated  at  a  grid 
of  points  within  the  region  AX  AY.  The  size  of  the  grid  is 
selected  according  to  the  vortex  core  radius,  AX,  and  AY  to  give 
a  good  representation  of  the  variations  in  velocity.  Two 
characteristics  of  the  MAVSS  spectrum  of  w  are  calculated: 

1)  the  mean  vertical  velocity  w  and  2)  the  rms  deviation  about 
the  mean,  w  „ .  In  addition  to  the  effects  of  velocity  varia- 
tions,  the  MAVSS  measurements  of  the  rms  velocity  deviation  also 
have  a  contribution  from  the  intrinsic  MAVSS  resolution  of  about 
1.3  m/s.  This  effect  is  included  by  summing  the  squares  of  the 
two  contributions  and  then  taking  the  square  root. 

The  MAVSS  model  was  run  for  a  variety  of  velocity  profiles 
for  AY  =  3.5  m  and  AX  =  2, 3, 4, 5,  and  7  m.  The  vertical  resolution 
AY  is  set  by  the  transmitted  pulse  width  which  is  normally  20  msec. 
The  horizontal  resolution  AX  is  set  by  the  beam  width  and  overlap 
which  are  somewhat  uncertain.  Two  vertical  positions  Y  were  used: 
1)  vortex  centered  in  the  response  region  and  2)  vortex  centered 
on  the  edge  of  the  response  region  (i.e.,  between  range  gates). 

The  lateral  position  X  was  varied  to  simulate  the  observed 
velocity  profiles. 

Figure  48  shows  some  results  of  running  the  simulation  on 
the  MAVSS  velocity  profile  of  Figure  44  (rc  *  2.5  m  and  vc  * 

12.7  m/s  in  Equation  13).  The  top  plot  shows  how  the  vortex 
velocity  profile  v(r)  is  spread  out  by  the  MAVSS  spatial  resolu¬ 
tion  to  yield  w(x).  The  second  plot  shows  how  wrms  varies  across 
the  vortex.  The  third  plot  shows  how  the  vortex  circulation 
profile  r(r)  is  changed  by  the  MAVSS  spatial  resolution.  From 
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FIGURE  47.  GEOMETRY  OF  THE  MAVSS  SIMULATION 


VORTEX  STRENGTH  (m2/S)  w  rm$  (m/S)  v  (m/S) 


FIGURE  48.  RESULTS  OF  THE  MAVSS  SIMULATION:  Y  -  2.5M-  2.Sv  , 
12. 7  M/SEC,  AND  AY  -  3.5 M  c  c 
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these  plots  one  can  see  that  increasing  the  lateral  averaging 
distance  AX  reduces  the  peak  velocity,  increases  and  broadens 
the  velocity  spread  (wrms)>  and  displaces  the  circulation  profiles. 
The  plots  of  Figure  48  are  evaluated  for  the  vortex  centered 
vertically  in  the  averaging  region.  Displacing  the  vortex  to  the 
edge  of  the  region  results  in  reduced  average  and  rms  velocities, 
both  by  about  1.3  m/s  in  the  peak  values.  The  results  in  Figure 
48  are  for  a  velocity  limit  wm  greater  than  the  maximum  vortex 
velocity  and  therefore  exhibit  no  velocity  truncation  effects. 

Figure  49  shows  the  results  of  varying  the  vortex  core  radius 

in  the  model.  The  maximum  value  of  w  „„  is  seen  to  be  a  sensitive 

rms 

function  of  both  core  radius  and  lateral  resolution  AX.  The  lower 
graph  in  Figure  49  shows  how  the  measured  value  of  core  radius 
depends  upon  the  actual  core  radius.  The  measured  value  of  core 
radius  is  not  based  on  a  least-square  fit  as  is  used  for  the 
actual  data.  Instead,  the  core  radius  is  defined  as  the  radius 
where  the  vortex  strength  is  half  the  asymptotic  value  (see  the 
lower  plot  in  Figure  49) .  The  errors  in  core  radius  are  remarkably 
small  except  at  very  small  radii  where  the  measured  core  radius 
reaches  an  asymptotic  value  dependent  upon  the  system  parameters 
AX  and  AY.  Such  an  effect  was  observed  in  experimental  data  (Ref. 
12)  where  the  limiting  core  radius  was  about  0.08  times  the 
vortex  range.  The  data  in  Figure  48  also  include  no  velocity 
truncation  effects. 

The  MAVSS  data  can  be  corrupted  by  two  types  of  spurious 
signals,  both  of  which  tend  to  reduce  the  measured  average  veloci¬ 
ties  and  increase  the  rms  velocity  deviation.  The  first  is  random 
noise  which  can  be  modeled  as  a  uniform  power  spectrum  between 

velocities  -w  and  +w„.  This  same  model  describes  a  zero  offset 
m  m 

in  the  measurement  of  power  spectral  density.  If  the  ratio  of 
the  total  signal  power  to  total  noise  power  is  R,  then  the  re¬ 
sulting  values  of  w  and  wrmg  can  be  calculated  to  be  (subscript  n 
indicating  noise  effect) : 

wn  =  w/(l  *  1/R) 

(R+l) w2  rmsn  «  wm/S(R+l)  +  Cw2+RwJmg)  R/(R+1)2 


(14) 

(15) 


MEASURED  CORE  RADIUS  (m)  MAXIMUM  wrms(m/s ) 


VORTEX  CORE  RADIUS  (M) 


FIGURE  49.  DEPENDANCE  OF  MAVSS  MEASURED  PARAMETERS 
ON  ACTUAL  CORE  RADIUS 
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The  usefulness  of  these  equations  is  that  a  small  measured  value 

2/3 

of  w  «w  implies  that  R  must  be  greater  than  (w  /**  )  '  -  1 

rms  ii  m  rinsj^ 

according  to  Equation  14. 

The  second  type  of  spurious  signal  occurs  at  the  transmitted 
frequency,  which  corresponds  to  zero  velocity.  Such  signals 
occur  at  a  particular  range  gate  where  the  direct  signal  from 
another  antenna  is  received.  For  a  ratio  of  scattered  signal 
power  to  spurious  signal  power  of  R,  the  values  of  w  and  wrm5 
become  (subscript  s  indicating  scattered  signal  effect) : 

ws  =  w/(l  +  1/R)  (16) 

wrmss  '  *  R  “™s>  (17) 

In  this  case  the  spurious  signal  does  not  show  up  as  an  abnormal 
broadening  of  the  spectrum.  Fortunately,  this  type  of  error 
appears  only  at  a  particular  range  gate  (equal  to  the  spacing 
between  antennas  for  uniform  spacing). 

The  MAVSS  beam  width  AX  is  a  fundamental  parameter  of  the 
simulation  which  has  received  little  attention  in  the  past.  The 
angular  beam  width  of  7°  previously  quoted  (Ref.  12)  was  based 
on  the  width  between  the  nulls  of  the  beam  pattern  which  over¬ 
estimates  the  effective  beam  width.  In  fact,  the  data  shown  in 
the  next  section  are  not  consistent  with  such  a  broad  beam.  Con¬ 
sequently,  a  more  detailed  analysis  of  the  angular  beam  width 
was  carried  out.  The  far  field  intensity  of  the  beam  from  a 
uniformly  illuminated  slit  is  given  by 

1  %  sin2B/B2  (18) 

with  B  =  (ffd/A)  sin  9  where  d  is  the  width  of  the  slit,  A  is  the 
wavelength  and  9  is  the  angle  of  measurement.  The  half  response 
width  of  the  MAVSS  occurs  when  each  beam  has  been  reduced  by 
1 1/1  or  B  *  1.00.  The  full  angular  width  at  half  response  becomes 

A9=  2.00  A/ird  (19) 

for  small  angles  where  sin  9  £  9.  For  the  MAVSS  antennas  d  = 

1.14  m.  The  acoustic  wavelength  for  nominal  values  of  frequency 
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(3300  Hz)  and  sound  speed  (330  m/s)  is  0.10  m.  The  resulting 
value  of  A8  is  0.056  rad  (3.0°).  This  angle  translates  to  X  * 

1.7  n  at  30-m  range,  the  typical  range  for  data  in  the  next  sec¬ 
tion.  The  transmitter  and  receiver  beams  overlap  perfectly  only 
at  their  point  of  intersection  at  about  25  m.  At  other  ranges  the 
beam  centers  separate  by  0.06  m  per  meter  of  range.  Considering 
the  beam  divergence,  AX  =  2  m  is  a  reasonable  estimate. 

C.3.2  MAVSS  Data 

This  section  examines  the  1975  B-747  (Ref.  2)  MAVSS  data  in 
the  light  of  the  simulation  of  the  previous  section. 

One  example  of  data  for  landing  configuration  is  shown  in 
Figure  50.  The  other  vortex  arrivals  with  good  quality  data  (i.e., 
with  few  noise  bursts)  are  included  in  Appendix  D.  Figure  50  is  a 
condensation  of  the  previous  plots  (Ref.  2)  with  five  range  gates 
to  show  just  the  two  range  gates  closest  to  the  vortex  height. 

In  addition,  the  figure  shows  the  w  and  wrms  profiles  from  the 
MAVSS  simulation  for  AX  »  2  m,  r_  *  2.5  m,  and  r  ■  400  m2/s. 

Many  of  the  measured  values  of  rc  lie  between  2.6  and  3.0  m  as  one 
would  expect  for  a  core  radius  of  2.5  according  to  Figure  49. 

The  circulation  =  400  m  /s  was  selected  to  be  typical  of  the 

fitted  values.  The  observed  peak  values  of  w _ _  at  the  vortex 

center  (note:  100  Hz  corresponds  to  5  m/s)  are  too  small  for 
values  of  AX  much  larger  than  2  m.  Thus,  the  MAVSS  simulation 
with  these  parameters  gives  a  reasonable  description  of  the 
observations  for  fresh  vortices  with  one  exception:  The  observed 
width  of  the  wrms  peak  is  consistently  wider  than  the  simulation. 
The  most  reasonable  explanation  for  this  width  is  the  presence  of 
turbulence  in  the  vortex.  Thus,  the  wrmg  profiles  away  from  the 
vortex  center  may  be  a  measurement  of  the  actual  turbulence  pro¬ 
file  in  the  vortex.  Another  potential  explanation  for  the  broad 
wrms  Pr°file  vortex- induced  noise,  either  at  the  vortex  core  or 
by  the  vortex  wind  at  the  antenna.  This  source  of  spectral 
broadening  may  account  for  some  anomalies  in  the  data  but  it 

cannot  account  for  the  observed  broad  w _ „  profile  since  noise 

rms  * 


would  produce  even  higher  values  of  wrmg  at  higher  range  gates 
because  of  the  reduction  of  signal  power  as  inverse  range  squared. 
In  fact,  the  consistent  broadening  is  observed  only  at  ranges  near 
the  vortex  height  (see  Appendix  D) . 

Figure  51  shows  MAVSS  data  for  landing  configuration  with 
spoilers  deployed.  Other  examples  are  in  Appendix  D.  The  MAVSS 
simulated  data  (AX  =  2  m)  are  plotted  for  a  vortex  model  cor¬ 
responding  to  Figure  43.  The  velocity  increases  linearly  to 
6.0  m/s  at  a  core  radius  of  1  m,  is  constant  until  10-m  radius 

7 

where  it  begins  to  decay  as  inverse  radius  (T^  =  380  m  /s) .  This 
model  gives  reasonable  agreement  with  the  measurements. 

C. 4  COMPARISONS  WITH  INSTRUMENTED  TOWER  DATA 

In  1972,  B-747  wake  vortices  were  probed  with  tower-mounted 
hot-wire  anemometers  at  30-cm  spacing  (Ref.  11).  Unfortunately, 
a  number  of  problems  prevent  these  measurements  from  providing 
standard  landing-vortex  velocity  profiles  for  comparison  with 
remote  sensor  data.  In  the  first  place,  the  data  show  wide 
variations,  even  at  vortex  ages  less  than  15  seconds.  In  the 
second  place,  the  data  are  biased  by  the  ambient  wind;  the  ef¬ 
fects  of  the  ambient  wind  cannot  be  cancelled  by  comparing  the 
two  sides  of  a  vortex  because  of  tower  shadowing  effects.  In 
the  third  place,  the  landing  configuration  used  25°  flaps  instead 
of  the  30°  flaps  used  in  the  alleviation  work.  The  upper  LDV 
curve  in  Figure  44  is  a  plausible  representation  for  the  majority 
of  the  tower  velocity  profiles  with  suitable  adjustments  for 
ambient  wind  and  tower  shadowing.  A  number  of  runs,  however, 
show  a  much  tighter  vortex  core.  The  upper  LDV  curve  in  Figure 
44  is  most  suited  for  comparison  with  tower  data  since  the 
processing  method  for  the  tower  data  also  picks  out  the  highest 
velocity  component  at  a  particular  vortex  radius. 
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FIGURE  50.  NON -ALLEVIATED  LANDING  CONFIGURATION  MAVSS  DATA 
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FIGURE  51.  SPOILER-ALLEVIATED  LANDING  CONFIGURATION  MAVSS  DATA 
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C. 5  SENSOR  CONCLUSIONS 

The  3.S-m/s  discrepancy  (Figure  44)  between  LDV  and  MAVSS 
measurements  of  similar  vortices  can  be  attributed  to  four  pos¬ 
sible  sources  of  error: 

1.  LDV  reading  high, 

2.  MAVSS  reading  low, 

3.  Altitude  dependence  of  decay, 

4.  Different  vortex  ages. 

The  first  source  can  be  assigned  the  value  1.6  m/s  according  to 
Section  C.2.2.  The  second  will  be  estimated  using  the  analysis  of 
Section  C.3.1.  The  1975  B-747  MAVSS  data  were  processed  with 
wm  =  13  and  16  m/s  for  the  high  and  low  frequencies,  respectively 
(14  m/s  will  be  used  for  subsequent  calculations).  The  data 
(Appendix  D)  are  not  consistent  with  a  noise  or  offset  generated 
value  of  wrms  greater  than  1.3  m/s.  Equation  15  yields  a  signal- 
to-noise  ratio  of  R  =  5.  This  signal-to-noise  ratio  would  cause 
the  velocity  to  read  20  percent  low  according  to  Equation  14.  This 
error  would  be  2.4  m/s  at  12  m/ s  and  1.0  m/ s  at  5  m/s.  One  must 
remember  that  this  MAVSS  error  is  an  upper  limit;  the  actual  error 
is  probably  much  smaller.  This  MAVSS  error  is  more  than  is  needed 
to  resolve  the  LDV/MAVSS  discrepancy  at  the  velocity  peak  of 
Figure  44  and  is  almost  enough  to  resolve  it  at  14-m  radius. 

Any  residual  discrepancy  can  be  reasonably  attributed  to  altitude 
effects  on  vortex  decay.  The  LDV  data  taken  well  above  the  ground 
show  very  little  vortex  decay  in  the  25-50  second  age  period.  The 
MAVSS  data  taken  near  the  ground,  however,  indicate  considerable 
decay  in  this  age  period.  The  MAVSS  measurements  in  Appendix  D 
are  all  older  than  25  seconds  where  the  LDV  velocity  profile  was 
evaluated.  Thus,  it  is  reasonable  to  expect  vortex  decay  to 
contribute  to  the  LDV/MAVSS  discrepancy. 


C-18 


APPENDIX  D 

ROSAMOND  LAKE  MONOSTATIC  ACOUSTIC  VORTEX  SENSING  SYSTEM  (MAVSS) 

DATA 


This  appendix  includes  additional  examples  of  MAVSS  data  for 
unalleviated  (Figure  52)  and  alleviated  (Figure  53)  vortices  in  the 
same  format  as  Figures  50  and  51,  respectively. 
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FIGURE  52.  ROSAMOND  LAKE  NON- ALLEVIATED  MAVSS  DATA 
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FIGURE  52.  ROSAMOND  LAKE  NON -ALLEVIATED  MAVSS  DATA  (Continued) 
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FIGURE  52.  ROSAMOND  LAKE  NON -ALLEVIATED  MAVSS  DATA  (Continued) 
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FIGURE  52.  ROSAMOND  LAKE  NON- ALLEVIATED  MAVSS  DATA  CContinued) 
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FIGURE  S3.  ROSAMOND  LAKE  SPOILER-ALLEVIATED  MAVSS  DATA 
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FIGURE  53.  ROSAMOND  LAKE  SPOILER -ALLEVIATED  MAVSS  DATA  (Continued) 
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APPENDIX  E 

LASER  DOPPLER  VELOCIMETER  (LDV)  DATA 


This  Appendix  contains  a  complete  set  of  the  LDV  data  col¬ 
lected  during  the  flight  tests.  The  plots  show  some  minor  dif¬ 
ferences  from  those  contained  in  the  body  of  the  report  because 
of  later  developments  in  the  software.  One  difference  appears 
in  the  velocity-profile  plots.  In  Figures  14  and  15,  the  center 
point  is  plotted  at  zero  velocity.  This  procedure  tends  to  give 
a  misleading  picture  of  the  data,  since  Vmax  can  be  quite  large 
at  the  center  point.  In  this  appendix  (and  also  Figure  31),  the 
center  point  is  plotted  both  positive  and  negative  with  a  connect¬ 
ing  line.  Another  change  is  the  labeling  of  the  two  circulation 
profiles.  In  Figures  16  and  17,  the  profile  toward  the  other 
vortex  is  marked  with  an  X,  and  the  profile  away  from  the  other 
vortex  is  marked  with  an  0.  These  labels  are  interchanged  for  the 
circulation  profiles  in  this  appendix. 

The  LDV  data  for  February  10,  1979,  are  organized  somewhat 
differently  than  for  the  other  days  because  of  the  successful 
photographic  tracking  of  the  vortices.  The  test  conditions  on 
February  10,  1979,  gave  optimum  results  because  the  vortices 
remained  above  the  LDV  until  they  decayed.  Figure  54  shows  the 
vortex  trajectories  before  (left)  and  after  (right)  the  vortex 
range  fits  were  assigned.  Figures  55-58  show,  respectively,  the 
average  circulation  and  induced  rolling  moment  versus  age,  and 
the  velocity  and  circulation  profiles. 

The  subsequent  Figures  59-66  show  the  data  for  the  four  other 
test  days.  The  first  figure  for  each  day  shows  the  vortex  tra¬ 
jectories  and  the  decay  of  average  circulation  and  induced  rolling 
moment.  The  second  figure  shows  the  velocity  and  circulation 
profiles. 
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FIGURE  56.  VORTEX  INDUCED  ROLLING  MOMENT  VERSUS  SEPARATION 
(NAUTICAL  MILES)  FOR  RUNS  ON  2/10/79  (SPOILERS  2,4) 


FIGURE  57.  VELOCITY  PROFILES  FOR  THE  RUNS  ON  2/10/79 


VELOCITY  PROFILES  FOR  THE  RUNS  ON  2/10/79 


FIGURE  58.  CIRCULATION  PROFILES  Fi 


figure  59.  vortex 'Trajectories,  average  circulation,  and  vortex- induced 

ROLLING  MOMENT  COEFFICIENT  FOR  THE  RUNS  ON  2/9/79 
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FIGURE  60.  VELOCITY  AND  CIRCULATION  PROFILES  FOR  THE  RUNS  ON  2/9/79  (Continued) 


FIGURE  60.  VELOCITY  AND  CIRCULATION  PROFILES  FOR  THE  RUNS  ON  2/9/79  (Continued) 


FIGURE  60.  VELOCITY  AND  CIRCULATION  PROFILES  F 
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FIGURE  61.  VORTEX  TRAJECTORIES,  AVERAGE  CIRCULATION,  AND  VORTEX -INDUCED 
ROLLING  MOMENT  COEFFICIENT  FOR  THE  RUNS  ON  2/12/79 
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FIGURE  62.  VELOCITY  AND  CIRCULATION  PROFILES  FOR  THE  RUNS  ON  2/12/79 


FIGURE  62.  VELOCI 


FIGURE  63.  VORTEX  TRAJECTORIES,  AVERAGE  CIRCULATION  AND  VORTEX- INDUCED 
ROLLING  MOMENT  COEFFICIENT  FOR  THE  RUNS  ON  11/3/79  (Continued) 
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FIGURE  64.  VELOCITY  AND  CIRCULATION  PROFILES  FOR  THE  RUNS  ON  11/3/79  (Continued) 


FIGURE  64.  VELOCITY  AND  CIRCULATION  PROFILES  FOR  THE  RUNS  ON  11/3/79  (Continued) 


FIGURE  64.  VELOCITY  AND  CIRCULATION  PROFILES  FOR  THE  RUNS  ON  11/3/79  (Continued) 
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;URE  65.  VORTEX  TRAJECTORIES,  AVERAGE  CIRCULATION  AND  VORTEX- INDUCED 
LING  MOMENT  COEFFICIENT  FOR  THE  RUNS  ON  11/8/79 
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FIGURE  65.  VORTEX  TRAJECTORIES,  AVERAGE  CIRCULATION  AND  VORTEX- INDUCED 
ROLLING  MOMENT  COEFFICIENT  FOR  THE  RUNS  ON  11/8/79  (Continued) 
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FIGURE  66.  VELOCITY  AND  CIRCULATION  PROFILES  FOR  THE  RUNS  ON  11/8/79 


FIGURE  66.  VELOCITY  AND  CIRCULATION  PROFILES  FOR  THE  RUNS  ON  11/8/79  (Continued) 


FIGURE' 66.  VELOCITY  AND  CIRCULATION  PROFILES  FOR  THE  RUNS  ON  11/8/79  (Continued) 


FIGURE  66.  VELOCITY  AND  CIRCULATION  PROFILES  FOR  THE  RUNS  ON  11/8/79  (Continued) 


APPENDIX  F 

LATERAL  POSITION  PLOTS 


This  appendix  contains  lateral  position  plots  (like 
Figure  24  for  Run  3,  11/3/79)  for  the  runs  in  the  second  test 
series.  Figures  67-72  show  Runs  1-2  and  4-7  on  11/3/79. 
Figures  73-80  show  Runs  1  and  3-9  on  11/8/79. 
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FIGURE  67.  VORTEX  TRAJECTORIES  FOR  RUN  1,  11/3/79 


FIGURE  68.  VORTEX  TRAJECTORIES  FOR 
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FIGURE  70.  VORTEX  TRAJECTORIES  FOR  RUN  5,  11/3/79 
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FIGURE  72.  VORTEX  TRAJECTORIES  FOR  RUN  7,  11/3/79 


11/8/79 


FIGURE  73.  VORTEX  TRAJECTORIES  FOR  RUN  1,  11/8/79 
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FIGURE  74.  VORTEX  TRAJECTORIES  FOR  RUN  3,  11/8/79 
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FIGURE  75.  VORTEX  TRAJECTORIES  FOR  RUN  4,  11/8/79 
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FIGURE  76.  VORTEX  TRAJECTORIES  FOR  RUN  5,  11/8/79 
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FIGURE  78.  VORTEX  TRAJECTORIES  FOR  RUN  7,  11/8/79 


FIGURE  79.  VORTEX  TRAJECTORIES  FOR  RUN  8,  11/8/79 
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FIGURE  80.  VORTEX  TRAJECTORIES  FOR  RUN  9,  11/8/79 


APPENDIX  G 
METEOROLOGICAL  DATA 


Figures  81-83  show  the  temperature  profiles  made  during  the 
second  test  series.  On  11/2/79,  low  altitude  soundings  (Figure 
81)  were  made  between  each  run.  The  ground-based  inversion  had 
dissipated  at  about  the  third  run  (time  851) (between  the  third 
and  fourth  sounding).  On  11/3/79,  it  was  planned  to  take  300  m 
soundings  before  and  after  the  test  series  with  lower  soundings 
between  runs  to  monitor  the  break-up  of  the  ground-based  inver¬ 
sion.  Because  of  a  communications  mixup  with  the  test  director, 
no  intermediate  soundings  were  permitted.  A  comparison  of  the 
11/3/79  data  with  the  11/2/79  data  would  lead  to  an  estimate  of 
about  844  (Run  4)  or  854  (Run  5)  as  the  time  the  inversion  had 
dissipated.  Figure  83  showing  the  temperature  profiles  for  11/8/79 
illustrates  the  planned  measurements  for  11/3/79.  Including  a 
high-altitude  profile  before  and  after  the  flight  allows  a  more 
reliable  interpretation  of  the  low-altitude  profiles.  Over  the 
measurement  time  there  was  no  change  in  the  temperature  profile 
above  300  m.  The  temperature  inversion  below  that  level  was 
wiped  out  by  the  surface  heating. 

The  winds  near  the  ground  are  shown  in  Table  8  for  the  runs 
on  11/8/79.  Three  sources  of  data  are  shown:  Laser  Doppler 
Velocimeter  (LDV)  crosswind,  B-747  inertial  navigation  system, 
and  meteorological  profiles. 
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TABLE  8.  WIND  DATA  FOR  11/8/80 
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